TECHNICAL ELECTRICITY 



TECHNICAL 

ELECTRICITY 

PRINCIPLES AND PRACTICE 


J. E. PHILLIPS 

M.A., B,Sc., A.Inst.P- 
AND 

R. W. B. STEPHENS 

Ph.D., A.R.C.S., B.Sc., D.I.C. 


LONDON 

THE TECHNICAL. PRESS LTD 

5 AVE MARIA LANE, LUDGATE HILL, E,C.4 

1937 



MADE IN GREAT BRITAIN 

PRINTED BY THE LONDON AND NORWICH PRESS, IJMITKD 
ST. GILES WORKS, NORWICH 



PREFACE 


This book is intended primarily to provide an introductory 
course in Electricity and Magnetism for students in Technical 
Schools and Colleges. The subject matter covers at least the 
syllabuses of the first examinations of the City and Guilds of 
London. Institute, Union of Educational Institutions, Union of 
Lancashire and Cheshire Institutes, Northern Counties 
Technical Examinations Council and of similar bodies, and, 
moreover, should provide an adequate preparation for a 
student proceeding to higher grade work. The practical 
aspect of the subject has been emphasised throughout, as it is 
of particular importance to those who are about to enter, or 
are already engaged in, industrial work. It is tacitly assumed 
that the reader is acquainted with the rudiments of mechanics 
and heat. 

The rapid increase of scientific knowledge in recent years 
has been especially marked in the subject under review, and 
in consequence no small difficulty arises in the selection of 
material, having regard to the restricted size of this volume. 
However, the authors have endeavoured to include as many 
teclinioal improvements and discoveries as possible ; and 
while the details given are necessarily brief, it is hoped that 
the descriptions are sufficiently clear for the general princijiles 
to be easily understood. Many students do not fully appreciate 
the theory and performance of the instruments they handle, 
and particular attention is directed therefore to Chapter X. 

The text is supplemented by moans of a number of worked- 
out examples and numerous lino diagrams. The latter have 
been drawn specially for the book, and by reason of their 
simplicity are easily capable of reproduction by the student. 
A selection of suitable questions is appended to each chapter, 
and the majority of these have been taken from actual examin¬ 
ation papers, by the courteous permission of the Examining 
Bodies enumerated above. In the Appendix will be found a 
useful summary of units, and also data relating to the electrical 
and magnetic properties of various materials. 
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Technical Electricity 

CHAPTER I 

MAGNETISM 

Introductory. —The fact that a certain mineral ore 
attracted iron filings to itself was known to the Greeks and 
Romans in the pre-Christian era. This ore was an oxide of 
iron (Eeq O 4 ) called magnetite, and it was first found in 
quantity in Magnesia, a province of Asia Minor. A substance 
such as magnetite is referred to as a natural 
magnet, and is to be distinguished from an 
artificial magnet, which is produced artificially 
from an unmagnetised substance. 

Artieicial Magnets.— In the year 1845 
the renowned English physicist, Michael 
Faraday, showed that all substances are 
capable of being magnetised. Prior to that 
time it was thought that magnets could be 
made only from iron and steel, the latter 
metal being used for the manufacture of 
permanent magnets. The choice of steel for 
this purpose, in preference to soft iron, is due 
to the fact that the steel, although less easily 
magnetised, retains its magnetism to a far 
greater extent than the iron does after 
magnetisation. 

Artificial magnets are of three kinds, viz. bar-magnets 
(Fig. 3), horseshoe magnets (Fig. 1) and electro-magnets (Fig. 
2). Bar-magnets and horseshoe magnets are permanent mag¬ 
nets and are made of hard steel or of some aUoy which has the 
power of retaining magnetism. The electro-magnet (Fig. 2), 
on the contrary, is not a permanent magnet. In this case the 
metal used is soft iron, and the magnetisation is produced by 
means of an electric current which is passed through an 
insulated coil of wire wound round the iron. It is found that 
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when the current is stopped the soft iron loses most of its 
magnetism, so that the cleotro-niagiK^t functions only when 
the current is passing through tlio warc^. '^fhe (electro-magnet 

is of considerable^ theoretical 
intei'cst as its Mention ixvveals 
the intimate! rc^lationship 
that exists bedaveam inag- 
netism and the (^Ita^tric^ 
current. 

;PEOr:ii]BTlKS OF M.AUNETS. 
—In a natural magnet the 
attracting powevr is found to 
bo strongest at two regions 
which are on o])posit.e sidc^s 
of the niiaeral. Tlu^ ctaitres 
of these regions of maxi¬ 
mum magn(^ti(i attrac^tion 
arc known as tlui poles of 
the magnet. Purthermore it was known at Icuist as far 
back as the thirteenth century that if the magmatic stono 
was suspended, so as to move freely in a horizontal planci, 
then it always came to rest in such a ])()sition that thc^ liiu^ 
joining the poles pointed approximately towards the geo¬ 
graphical north and south poles of the earth, ''.rius lac^t was 
obviously important to mariners, and it was on this account 
that the magnetic stone was called a Ic^ading-stoiu^ or 
lodestone. 

Likewise if a bar-magnet is suspended or pivoted, so that 
it can swing freely, it always comes to rest in the sanu^ f >oHitiou, 


when at a given place. The straight line joining the poles, 
called the magnetic axis of the magnet, points in a direction 
which is approximately north and south. As in the c;ase of 
the natural magnet the phenomenon is due to the fact that the 
earth itself acts as a magnet, in which one magnetic pole 
is near its geographical north polo and the otlier near its 
geographical south pole. The pole of tho magnet that points 
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towards tlie magnetic north pole of the earth is called its north 
pole, while the other pole is, called its south pole. 

The vertical plane in which the magnetic axis of a sus¬ 
pended magnet sets itself at any place is called the magnetic 
meridian at that place. 

It should be noted that 
the magnetic axis SN 
(Fig. 3) of a bar-magnet 
may not necessarily co¬ 
incide with its geometric 
axis as it depends upon 
the direction in which 
the magnet is mag¬ 
netised. 

Suspend 
or pivot a small mag¬ 
netic needle and allow it to swing freely until it comes to rest 
(Fig. 4). Its axis now lies in the magnetic meridian. Bring 
the north pole of a bar-magnet slowly up to the north pole of 
the needle. It is found that the latter is repelled. Next 
gradually approach the north pole of the needle with the 
south pole of the magnet. It is found that attraction now 
takes place. The experiment shows that Like poles repel, 
unlike poles attract. This is a fundamental law of magnetism. 

If the case of a magnet, which is suspended and lies in the 
magnetic meridian, is now considered in the hght of this law, 
it becomes evident that the pole of the magnetic needle which 
points north must be unhke the north pole of the earth. 
The north pole of the magnet (or needle) is so-called because 
it is a north-seehing pole. Likewise its south pole is a south¬ 
seeking pole. 

Indtjoed Magnetism. Experiment. — Fix a bar of unmag¬ 
netised soft iron vertically in a clamp and place it so that the 
lower end is near some iron filings contained in a watch glass. 
Next bring a magnet up to the bar and hold it so that the 
north pole of the magnet is immediately above the upper end 
of the bar (Fig. 5). The filings will be found to cluster around 
the lower end of the bar and the tuft of filings will increase 
in size as the magnet is brought nearer to the bar. 

If, next, a smaU compass needle is brought near the lower 
end, it is found that the north pole of the needle is repelled 
by it. This indicates that the lower end has acquired a north 
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polarity. In a similar way it can be sliown that the upper 
end has a south polarity. 

The iron bar is said to be nia.gn<4ls(Hl by induction, and the 
rule governing tins induced polarity is as follows : The end of 
the iron bar nearest to the inducing pole acquires polarity of 
opposite sign to that of the inducing pole. 

This magnetisation of the iron bar is otily imvporary, for 
if tho magnet is withdrawn from tlu^ neighbourhood of the 
bar it is found that most of the li lings drop olT. 

Experiment .—Replace tlic bar of iron usc^d in the preceding 
experiment with a bar of steel and proccHKl as bcd'oro. It 
will be found that fewcir filings adlicroto 


the bar in this ease. This is bcHiauso 
steel does not biH'-omt^ magnt^tised as 
easily as iron, i.e. it is said to bo less 
susceptible than iron. If the magiutt is 
removed it is found that a smalUa* pro¬ 
portion of tho filings droj) oil than was 
the case when soft iron was used. On 
this account steel has a higher reten- 
tivity than soft iron. R(yfor(^,n(*e has 
already boon made to this fa(‘.t ([)age 1). 

Tho mtsapHbilifp of a .magnc^tic sub¬ 
stance is its power of accjuirijig mag¬ 
netism. 

The magnetic retentivity of a substances 
is its power to retain the acapurcid 
magnetism aft(u‘ tho rcunoval of tho 
magnetising infiuonco. 

Iron is more susceptiMe than steel, but is less retentive. 

The preceding statement should bo qualified by remarking 
that if the iron is carefully protected from shock its retentivity 
may be quite large. It is quite correct to say, however, that 
the coercivity, which is the power of retaining magnetism what¬ 
ever the subsequent treatment, is much greater for steel than iron. 

Test eoe a Maonetio Body. —It is now possible to sum¬ 
marise the necessary tests as to whether a substance is a 
magnet or otherwise. If the material, e.g. paper or copper, 
is only feebly magnetic, then even small fragments of tho 
substance wiU not be attracted by a bar-magnet. On tho 
other hand an unmagnetised iron bar will attract either pole 
of a compass needle as a consequence of the law of magnetic 
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induction, but one, of the poles of a magnetised body must 
re'pel, say, the north pole of the needle. Hence Repulsion is the 
only certain test of polarity. ^Furthermore, it is now evident 
why in Expt. on page 3, particular emphasis was made with 
regard to the gradual approach of the magnet towards the 
needle. If the magnet is very strong its inducing action on 
the needle may suffice to reverse the polarity of the latter, 
so that attraction ensues even when the poles of the same sign 
are brought together. 

/V s S N M 


Fig. G. 


Consequent Poles. —A bar-magnet has normally a north 
and a south pole located near its ends. If, however, a bar- 
magnet is touched at various points by a pole of another 
magnet, additional poles may be formed at different points 
along its length (Fig. 6). The same effect may be pro¬ 
duced by reversing at any point the direction of the winding of 
a wire which surrounds the magnet and carries the magnetising 
current. Such poles are 
known as consequent poles 
and their existence is 
liable to cause trouble and 
confusion in experimental 
work, so that every care 
should be taken to pre¬ 
vent their development in 
a magnet. Hence magnets 
should never be indis¬ 
criminately brought into 
contact with each other. 

Fields oe Force. —If a sheet of drawing-paper is placed 
over a bar-magnet and iron filings are sprinkled lightly over 
the part of the paper which covers the magnet, the filings 
arrange themselves along well-defined lines (Fig. 7). These 
lines are called lines of force. The area over which the influ¬ 
ence of the magnet is detectable is apparent on observing the 
distribution of these lines, and this space is called the mag¬ 
netic field. Its extent depends upon the strength of the 
magnet and upon the sensitivity of the detector, but theoretic- 
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ally, of course, it stretclies to infinUy, i.c. to extrcuucly largo 
distances. 

It should be observed tluit altliougli the lines of force can 
be plotted only in tlie plane in which tlu^ pamper rests, they 
exist in all tlxe space around the magnet, i.ti. al)ovo and 
beneath the magnet. The stndent sliould also note that the 
action of the iron filing as a detector is dep(aid(axt upon the 
inducing action of the magnet, wliose held is being investi¬ 
gated. The repulsion ancl attraction Ix^twcnai tlu^ poles of 
the magnet and the induced poles in the iiling causes tlio latter 
to set along the line of force at that particular point, just as a 
pivoted needle would, do. 

The conception of tho linos of forces is duo to the f(vrtilo 
mind of Michael Paraday to wliom refeix^nco has alrcxidy been 
made (page 1). Paraday (.I701-18h7) was a native of 
London and started life as an errand ])oy at a bookstore, but 
before he died he had become Prolessor of (IlKanistry at tho 
Royal Institution. Ho was undoubtedly tho leading experi¬ 
mentalist of his ago, and one of tho greatest B<d(3ntists of all 
time. In the course of his investigations on magmdlsm the 
question arose in his mind as to how one magnedae })olo could 
act on another which, was not in (iontac.! with it. In order 
to answer this problem, Paraday considered that tho medium 
(or ether) in between tho poles was in a state of sti'ain, and lie 
postulated the existence of tubes or Htxcs of magnetic fbreo 
in this ether. It is conventional to assume that tlio lines 
originate in the north polo of the magnet and torminat(5 in tlio 
south pole. Thus the positive direction of tho linos in tho 
external space is always to be takcui from tho north to tho 
south pole. 

It will be seen later that it is impossible to isolate a magnetic 
pole, but if one could conceive a free north polo being liberat(Kl 
in a magnetic field, it would travel along a lino of force towards 
the south pole. In other words, an isolated north pole, free 
to move, will travel in the direction of the field. 

Experiment. —In this experiment use is made of tho Robison 
baU-ended magnet which consists of a thin rod of steed (about 
25 cm. long) fitting tightly into holes drilled in two stool 
balls. When this magnet is carefully magnetised it can bo 
regarded as equivalent to two point poles wliicdi arc situated 
at the' centres of the balls. The magnet is litted into a cork 
as in Pig. 8, so that the north pole fioats just above tho 
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surface of water contained in a deep dish. At the same height 
above the surface and near the edge of the dish a bar-magnet 
is fixed horizontally, so that the force on the floating magnet 
will be approximately the same as that which would be exerted 
on a free north pole. By placing the cork at various places 
near a pole of the magnet, trace out the form and direction of 
the lines of force due to the latter. 

The idea of lines of force has proved a very fruitful one 
both in magnetic and electrical investigations, and a great 
number of phenomena in connection with these sciences can 



be explained by investing the lines of force with two definite 
properties. In the first place, it is assumed that there is a 
tension along the length of a fine of force, that is, it always 
behaves lil^e a stretched elastic band and tends to contract. 
Secondly, the lines of force repel each other laterally, as can 
be observed in the tendency of the lines to bulge outwards 
from the central portion of a magnet. 

Experiment.—To plot lines 0 / force by means of a small 
compass needle. In this method of plotting, the needle is 
placed at any point in the field and allowed to come to rest. 
A mark is then made opposite each end and the compass is 
moved until the end s is exactly over the mark which has just 
been made opposite the end n and the new position of the 
latter n' is marked. The procedure is repeated until the 
particular line of force is completed, when a smooth curve is 
drawn through the various points obtained. 




riiNK'AL Mr.i'KrrHicrrv 

{(f) Kix a sh<‘{‘i. oi’ pajKa* on a, 
horizontal drawiiiij!;-hom’d and use 
tlu^ oonipass iukmII ‘ to plot, (‘aHh\s 
liorizontid tic^ld. can^ has boon 
tala^n to rtnuovc* any iron in tho 
imnualiate n(‘i^»;}d)onrhoofh tluai a 
scri(‘.s of parall(d liiu^s will he 
obtaiiKul (Ki^. 0). 

(b) Hot up ii hall-(nui(al magnet 
v(ud.ieally ill a y/’onr/r// stand and fix 
a card horizontally a})()ve t'h(> upper 
pole. Tra.(ro out the Hiuns of forcH^ 
in its iKa’ghhourhood by nutans of 
tho compass lunalle. magn(di(! 

fix^ld in i.h(^ phuH’s of tb<^ card 
will be approximately the rcvsultant of tla^ (^a.r*td\s horizontal 
field and the field due to tho upp(u* pok^ ol* td(^ magrud.. ddu) 
field of the latter alone, if a north poh^ (consists of liruvs radiat¬ 
ing outwards from tho polo in all directions. It. is (wkhait 
that at a point such as P (Fig. lb) tht^ two htdtls will assist 
each other, but they will bo in opposition on tlu^ south suk of 
the pole so that at some such point as ,X tlu^ n^sidtant th^ld is 
zero. X is termed a neutral point, and wIkui thci cjompass 
needle is placed there, it will 
show no tendency to sot 
in any particular diroction. 

Kg. 10 shows tho type of 
diagram which should bo 
obtained, and it should be 
observed that as the dis¬ 
tance from the pole increases 
so do the lines of force 
approach more and more 
closely to those due to the 
earth’s horizontal field alone. 

Magnetic Screening. 

Experiment.— a bar- 
magnet and a soft iron ring 
as indicated in Fig. 11, and 
plot the linos of force in 
their neighbourhood. It will 
be found that the lines of 
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force near the ring are bent towards it and tend to crowd 
into the iron, in fact the iron can be regarded as being a 
better conductor of the lines of force than air. In other words 
the iron is said to possess a greater permeability (see also pages 
76, 96) than air, just as sandy soil is more permeable than 
clay to the passage of water. 

Furthermore, in the above experiment it should be observed 
that inside the ring the compass needle shows no preference 
to set itself in any particular direction, i.e. the ring acts as a 
screen from the influence of the magnet. This fact is utihsed 



Fig. 11. 


in certain galvanometers (page 179), in wattmeters, and also 
in screening radio-transformers which possess iron cores. 
It should be realised that a ring does not provide perfect 
screening, but if made of soft iron the screening is more 
complete than if steel (which is less permeable) is used. In 
the use of commercial measuring instruments such as volt¬ 
meters and ammeters, it is obviously very important that 
the readings should be as far as possible independent of stray 
magnetic fields. Consequently a certain tolerance is laid 
down by the specification of the British Engineering Standards, 
which limits the variation of the maximum indication of the 
instrument to 3 per cent., when it is exposed to a magnetic 
field of 10 c.g.s. acting in the direction producing a maximum 
effect on the instrument readings. The effect is more pro¬ 
nounced with moving iron than with moving coil instruments, 
and is kept to a minimum value by the use of iron cases. 
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Molecular Theory of MAGNETiSM.~~Tho tuiturc of the 
change that occurs in a rod of iron or steed when it is magne¬ 
tised can be illustrated as follows : 

Ex2)emnent ,—Fill an empty test-tu])o loosely with steel 
filings and suspend it in a stirrup. It will bo found that it 
comes to rest in a particular direction determined by the 
torsion in the suspending fibre. Next remove tlui tul)e from 
the stirrup and draw the pole of a bar-magned'. over it several 
times in the same direction. It will bo seen that the upper 
layers of the filings arrange themselves so as to point in the 
same way. If the tube is now carefully ref)laee(l in the stirrup 

it will come to rest in 
the magn(di('. meridian. 
Furthermore, on bringing 
a eompiiss iuhmIIo near 
the ends of the tube, it 
will be found that ono end 
exhibits north polarity 
wliile the other shows 
south polarity. On shak¬ 
ing the tube, liowovcr, 
all signs of polarity will 
bo found to disappear. 

According to the molecular theory of magnetism, which was 
suggested by Weber and developed by the English scientist, 
Ewing, the molecules in a rod of iron or steel arc themscvlves 
small magnets even though the rod itself is not magnotisc^d. 
In the unmagnetised state of the substance the molecules an^ 
arranged in groups or chains such as those shown in Ifigs. 12 {a) 
and (b). It is evident by considering, for example, the points 
A, B and C of the first group, that the close proximity of 
opposite and equal polos will mean that their separate affects 
at external points will neutralise ono another, i.o. there will 
be no external magnetic field. The process of magnetisation 
breaks up these chains and causes the molecular magnets to 
rotate so that their axes tend to point in the direction of the 
magnetising force. The result is that north and south 
polarities appear at the ends of the rod, while tho poles of 
molecules in its central parts are noutralised by the opposite 
poles of the adjacent molecules. Tho arrangement of tho 
molecules in the magnetised rod is shown in Fig. 12 (c) 
and indicates when the rod is sakirated, i.o. tho body is 
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in a condition when its magnetisation is the maximum 
possible. 

The above description is only an outline of the molecular 
theory of magnetism, but it suffices to account in a general 
way for a large number of magnetic phenomena, such as : 

1. The effect of mechanical vibration in destroying the 
magnetism of bodies by causing the molecules to form closed 
chains again. This was illustrated in the above experiment. 

2. It is impossible to produce an isolated magnetic 
pole, for on breaking up a magnetised needle (a glass hard 
needle is best for the purpose) a corresponding number of 
separate magnets are always produced. Furthermore, the 
north and south poles are always of equal strength. 

3. The change in length of a body upon magnetisation, 
known as the phenomenon. of magnetostriction, vaguely 
indicates some molecular rearrangement. The effect is 
complicated, however, as some materials show an increase 
while others indicate a decrease in length. 

4. The heating of a magnet tends to destroy its magnetism. 
This effect can be explained by reference to the dynamical 
theory of heat which postulates that the movements of the 
molecules of a substance become faster as the temperature 
increases. Consequently at high temperature it is assumed 
that the vibrations of the molecules become too violent for the 
magnetising force to be able to align them. 

5. That substances cannot be magnetised above a certain 
value, i.e. the saturation value, has already been explained by 
the theory. 

An interesting example of the molecular nature of magne¬ 
tism is given by the alloys discovered by Heusler in 1903. 
The constituents of these alloys are copper, manganese and 
aluminium which in themselves are only very feebly magne¬ 
tised, but when present in certain proportions they are as 
strongly magnetic as steel. 

Also it should be noted that the heat treatment of a steel 
affects its magnetic as well as its mechanical properties, for a 
steel which has been suddenly chilled from a red heat has a 
smaller permeability in weak magnetic fields than the same 
composition steel which has cooled slowly. 

The molecular theory as outlined above does not explain 
the initial magnetism of the molecule. Modern thought 
attributes this magnetism to the motion of electrons (page 23) 
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in their orbits around the nuclei of the atouis whic^h iuak(^ u]) 
the molecules. In this theory it is the eku^tronic^ orbits (tliose 
can be compared to electric currents circulatinii; in circular 
conductors) which suffer rotation in an applies I magnetic 
field. In the case of certain atoms thti dirc^c^tion of the 
alignment is opposed to that of the field. The theory 
thus offers an explanation of the initial magne^tism of 
the molecule and the unlike magnetics ])r()p(a;ti(\s of 
different substances. 

Magnetic Keepers.— As a result of the inductive 
action of magnetic poles, it is ch^ar tluit tlu^ poles at 
the end of a magnet will tend to revea-so the polarities 
of the molecules within it. For consixhur a })oint P 
(Fig. 13) within the body of the magn(‘.t and l(‘t ,m 
represent a magnetic tnolccaile at that ])oint. Now 
the inductive action of tlu^ poles N and S of tlu^ magnd'/ 
on a piece of unmagnetised mat(>rial at P would bc^ to 
magnetise it in the direction In otlun* words 

the magnet tends to derriagneiise itself, '^rhis dxvfiutt is 
remedied by providing magnets with keepers, whi<‘h (jonsist of 
strips of soft iron placed 
in positions (K) as indi¬ 
cated in Figs. 14 (a) and 
(6). The free poles at 
the ends of the magnets 
induce unlike poles on 
the parts of the keepers 
which are in contact with 
them. The keepers thus 
become magnetised, so 
that, while they are in 
position, layers of mole¬ 
cules are arranged 
throughout in continuous 
fines (i.e. closed circuits) 
with unlike poles ad¬ 
jacent. In this manner the presence of free polarity is avoided 
and the possibility of demagnetisation almost completely 
eliminated. 

Methods oe Magnetisation.— An unmagnetised bar of 
iron or steel can be magnetised by stroking it several times 
in the same direction with a piece of magnetite or with a pole 
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of a permanent magnet, 
procedure repeated, and 
the bar last touched acquit 
mg ^ole (N in Pig. 15 
method of single touch is 
the method of double {or 
divided) touch in which 
two magnets are simul¬ 
taneously used to stroke 
the bar. The magnetism 
in the bar is enhanced 
if its ends are allowed 
to rest on the poles of 
two other magnets dur¬ 
ing the process, as shown 
in Fig. 15 {b). It should 
be observed that the 
bar is placed so that 
the poles supporting it 
are opposite to the 
polarities which are to 
be developed on the 
adjacent ends of the 
bar. 

Reference has already 
method of magnetising a 


The bar is then turned over and the 
it should be noted that the end of 
'es opposite polarity to tJmt of the strolc- 
{a)). A modification of the above 






Fig. 15. 

been made (page 1) to the electrical 
bar of iron or steel. Insulated wire 
is wound round the speci- 
I men (Figs. 16 (a) and (6)), 
j which is to be magnetised, 
^ ^ current from a 

battery is passed through 
the coil. The polarity de¬ 
veloped in the specimen is 
y B 5 dependent upon the direc- 
Y tion of current flow and 

^ is given by the following 

rule : 

y n an observer looks at 
5 of the coil along 

the axis and the current 
is flowing in an anti¬ 
clockwise direction through 
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the coil, then the pole at that end is a north pole- If the 
current jflows in a clockwise direction the pole is a south pole. 

Figs. 17 (a) and (b) furnish a useful inncinonic for remem¬ 
bering this rule. 

In the case of the horseshoe magnet (Fig. 10 ( 6 )) the wire 
has to be wound in opposite directions on tlio two limbs. The 
degree of magnetisation produced will inereaso witli tlio 
current (i) and with the number of turns in the c^oil, until 
the specimen is saturated. The product 7iXi is known as the 
number of ampere turns. As previously mentioned (page 4 ), 
if the specimen is of soft iron and the current is stopped tlie 
residual magnetism is very ftK^ble. This low 
^ \ retentivity of soft iron is frequently an ad- 

(A certain types of appai-atus, as in the 

4 / case of the electro-magnet in its various tyi)eB 

J ^^ud applications. A typical laboratory electro¬ 
magnet for the production of strong magnetic 
fields is shown in Fig. 2 , the pole-piec 5 es P and 
the cores C (i.o. the portions of the magnetic 
1 \ circuit surrounded by the magiujtising coils)* 
\ being made of Swedish soft iron. Witli a 
/ small separation, say 1 or 2 mm., of th(^ 
conical-shaped pole-pieces, magnetic} lields of 
the order of 30,000 gauss (page 18) may bo 
realised in the gap. Another type of electro¬ 
magnet used largely in industry for lifting 
purposes depends upon the attractive force of the polos 
for ferrous material. The attractive force l)etween the pokss 
and keeper of an electro-magnet can be shown to bo equal 
B^A 

to - 5 — dynes, where B is the induction in the iron (page 05) 

oTi: 


[a] 



i^) 

Exq. 17. 


and A is the surface area of the poles. The ordinary electric 
beU is another illustration of the application of electro¬ 
magnets. On depressing the bell push at P (Fig. 18) a 
current from a battery e is passed through the windings of a 
small electro-magnet E so that the iron core becomes magne¬ 
tised. Consequently the soft iron armature A is attracted 
towards the electro-magnet. Now attached to this armature 
is a steel spring striker S which carries a liammer li at its end, 
and this latter strikes the beU B. But the movement of the 
armature breaks the circuit at the point of the adjustable 
screw, C, and so the current ceases to flow and in turn the 
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core of the electro-magnet loses most of its magnetism. 
Hence the armature is no longer attracted and returns to its 
original position, so that the electric current again flows in 
the completed circuit. The movements previously described 
are then repeated and the ringing of the bell is thus maintained. 

The Inverse Square Law.— Hitherto the properties of 
the magnet have been dealt with from a qualitative stand¬ 
point and no reference has been made to the magnitude of 
the magnetic forces. It 
has been stated, for ex¬ 
ample, that a north pole 
repels a similar pole but 
attracts a south pole. A 
little consideration will 
suggest that this force 
of repulsion or attrac¬ 
tion is lilicly to depend 
upon the distance be¬ 
tween the poles. This 
suggestion, in fact, is 
found to be the case, 
and the law connecting 
the force between two 
poles and the distance 
between them is known 
as the Inverse Square 
Law. 

The law was estab¬ 
lished as a result of 
very careful experimen- Fig. 18 . 

tal measurement by 

Coulomb, a Trench engineer, who lived in the latter part of the 
eighteenth century. The law is stated as follows : 

The force between two isolated magnetic poles varies 
inversely as the square of the distance between them. 



i.e. T (Force) oc — where r is the distance between poles. 


It follows that if the distance between two poles is doubled 

1 I 

then the force between them is only former 


value. This force will also depend on the strength of the 
poles. Thus, if the strength of one pole is doubled, it is found 
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that the force between them is doubled, so that the law now 

7Yb7yh 

becomes F oc -- where m aiidm, the st-ren^tlis of tlie 

7'- ‘ 

two poles. 

It should be carefully noted that the a})ovc^ law is only 
strictly applicable to point 'poles, and, furthermore, tlu^se are 
supposed to be isolated from the infiueneci of any otlier ma.g- 
netic forces. The magnetism of a point ])ole is (^onsicha-ed 
to be concentrated only at a point, and tlu^ n(^arc‘.st ap|)roach, 
to its realisation in actual practice is the Robison baU-(inded 
magnet. When this magnet is carefidly ma.gnctised the ])ok^s 
can be considered to be concentrated at the (uvntre^s of the 
two spheres. 

Effect of Medium betwefn the I\)Les. .Ho far in 

defining our law of force no mention has Ixuui mailer of tlu^ 
possibility of the force varying with the nature of tlu^ nuMlium 
between the poles. Experience has shown that tlu^ (jomf)lc^te 

w///d 

law of force should be written as F — • wlicre a is known 

jrf- 

as the permeability of the substance and will b(^ defined 
later in the book (page 96). Now the valuer of the piuTiuiability 
of air differs so little from unity (the value of g for a vacnium) 
that the law of force for two poles situated in vacnium (or 

mm 1 

air) may be expressed as F= equation if R is 

given in dynes and r in cms., then m and m, are exprt^sscHl as 
the number of unit poles in the poles unclor consideration. 
The definition of the unit polo follows, as, if the poles are cfiioscm 
equal in magnitude so that when r^V cm., K is (M|ual to 1 dyiu^, 

Wv 

then our relation becomes 1 ^ (since in m>^) i.c^. m-: ■ I. 

Hence a unit magnetic pole is that pole which, when placed 
at a distance of 1 cm, in vacuo (or air) from an equal and 
similar pole, repels it with a force of 1 djme. 

The unit pole is often designated the weher, 

A Fubthbb Note on the Invebse Squabe Law,— The 
Inverse Square Law is not restricted to the case of the force 
between magnetic poles but is a law of very wide application. 
Sir Isaac Newton found that the gravitational force botwoon 
two bodies varies inversely as the square of tlie distance 
between them. It will be seen in the next chapter that tlu^ 
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law also holds for the force between charges of electricity. 
Again, if we consider the illumination produced on a screen 
by a source of light, the intensity of illumination varies in¬ 
versely as the square of the distance of the screen from the 
source. The geometric aspect of the law can perhaps be 
illustrated best by considering the last case. Take a wire 
pyramid as represented in Pig. 19. If 0 is the source of 
light and A, B and G are removable surfaces situated at 
distances 1, 2 and 3 units respectively from 0, then the light 
which falls on A is distributed over B when A is removed. 
The area of B is clearly four times that of A so that the in¬ 
tensity of illumination on B must be one-fourth of that on A. 



Likewise the intensity of illumination on C which is three 
units away from 0, is one-ninth the intensity on A, and, in 
general, it can be said that the intensity of illumination on a 
surface due to a source of light varies inversely as the square 
of the distance of the surface from the source. In comparing 
with the case of magnetism, the lines of magnetic force can be 
considered as analogous to light rays (see para, on Alternative 
Definition of Field Strength). 

Magnetic Intensity or Strength oe Magnetic Field.— 
It is universally agreed that the intensity of a magnetic field 
at any point is measured by the force in dynes exerted on a unit 
north pole placed at that point. 

The direction of the field is assumed to coincide with that of 
the force acting on the unit north pole, and, furthermore, it is 
supposed that the presence of the latter does not appreciably 
disturb the original magnetic field. 
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A magnetic IBield of unit intensity is that field which exerts a 
force of 1 dyne on a unit pole placed in it. Tiiis unit 
of field strength is called the gauss, and is nanKHl after the 
German mathematician Carl Gauss, who did pioneer work of 
great importance in the theory of magnetism. It follows 
from the above definition that in a magnetic field of strength 
5 gauss, a unit pole would experience a force of 5 dyn(‘s. The 
definition may also be conveniently expressed synibolic^ally as 

F==mxH 

where P is the force in dynes exerted on a polc^ of strength 
m units when placed in a field of strength IT gauss. If 
the magnetic field is due to a number of s(aitt(vrc‘,d magnetic 
poles then the resultant field strength at any ])oint is obtaim^d 
by calculating the force on a unit north j)olo diu^ to eadi 
separately, and then compounding tlie force's l>y the paiullc^lo- 
gram or polygon of forces. 

The following calculations illustrate the forcgoii^g dis¬ 
cussions : 

Example 1.—Two north poles of strengths IG and 25 arc 
placed at a distance of 20 cms. from each other. Find the 
force experienced by a south pole of strength 10 units when 
it is placed between them, and on the lino joining them, at a 
distance of 5 cms. from the stronger pole. 

Lot the polo of 
strength KJ bo j)la(H)d 
at A (Fig. 20) and the 
^ strength 25 

at B. T\xo polo of 
Fig. 20. strength ]() is at G, 

5 eins. distant from B. 
Then attractive force (in dim. CA) on the south polo at G duo 
to A is 

=H.m 

= 15 = ^^^=45 

Attractive force (in dim. CB) on tlio south polo at 0 

25 

due to B is =-^X 10=10 dynes. 
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/.The resultant force on the south pole at 0 in the dim. CB 
=(l0-|^) =9.29 dynes. 

Example 2.—A bar-magnet is 20 cms. long and its pole 
strength is 40 units. Find the force that would be experienced 
by a north pole of strength 10 units, when placed at a distance 
of 30 cms. from the centre of the magnet on its axis produced. 



Let SJST represent the bar-magnet and suppose that the 
given north pole is placed at A (Fig. 21), i.e. at a point distant 
20 cms. from the north pole of the magnet on its axis pro¬ 
duced. 


Then Repulsive Force on north pole at A due to north pole of 
40 

magnet = - ^ x 10=1 dyne 


and Attractive Force on north pole at A due to south pole of 
40 

magnet ^ ==0.25 dyne. 


.•.Resultant Force of Repulsion on north pole at A due to 
bar-magnet=L0—0.25—0.75 dyne. 


If the given north pole is placed at B, i.e. at a point distant 
20 cms. from the south polo of the bar-magnet on its axis 
produced, the resultant force is again 0.75 dyne, but it is now 
one of attraction. 

Altebnative Definition of Field Stbength.—^T he 
conception of a magnetic field in terms of lines of force has 
been formulated on a previous page and from the diagrams 
formed with iron filings, it has been evident that in a general 
way the lines are more crowded near the poles, i.e. at places 
of large magnetic intensity. From this aspect, therefore, the 
strength of a magnetic field at any point may be alternatively 
defined by the number of lines of force passing through each 
sq. cm. of a plane held perpendicular to the direction of the 
field at that point. Unit field is then said to have one line of 
force passing through one sq. cm. of area placed at right angles 
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to the direction of the field, and a field of Htrongth H will 
have H lines of force passing through the same area. 

It follows from the above 
definition of unit field 
strength that 411 lines of 
force must be assumed to 
radiate from a unit pole. 
l^\>r consider a polo of 
strc^ngth m units at 0 (Fig. 
22). ’'j'heu the strength of 
the ;magn(^ti(i field at P 
as given hy the first 
definition is ‘m/(P. Ikit acj- 
cording to the alternative 
definition must represent the number of liiuvs of force per 

sq. cm. passing through the spherical siirfiKio at P, since linos 
of force are radial from an isolated pole and heiujo tlu^ surface 
of a sphere with the pole as centre will bc^ always normal to 
the direction of the lines of force. 

the total number of lines of force passing through this 

Wb 

spherical surface — 4T:d^ X = 4.-Km.. 

i.e. 47rm-i~m=4Tc lines of force radiate from a unit pole. 

H 

1 



H 


-'n, 

Q" .—.. -0 

- 2/-J ^'nj 


m, M 

Fia. 2:U 

To Show the Equality of the Poles of a Maonet. 
Experiment ,—Fix a magnetic needle horizontally to a cork 
which is floated in water contained in a large bowl (to avoid 
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surface-tension effects). Eemove any iron from the neigh¬ 
bourhood and move the cork to different places near the 
centre of the dish. In all cases it will be noted that there is 
no tendency for any translationary motion of the cork (and 
needle) but the cork always rotates until the needle lies along 
the magnetic meridian. 

If and are the strengths of the north and south 
poles respectively of the needle (Fig. 23), then the resultant 
force tending to move the needle in the direction of the 
magnetic meridian is where H is the uniform 

horizontal intensity of the earth’s field. But the above 
experiment has shown that there is no tendency for the 
needle to move in the direction of the field, i.e. the resultant 
force is zero. 

Hence m2)H=0, or m^ = 
i.e. the poles of a magnet are equal in magnitude (although of 
opposite sense or sign). 

QUESTIONS. 

1. Describe in detail two different methods of magnetising a piece of 
iron. Illustrate your answer by sketches, indicating clearly the North pole 
of the iron. 

How would you prove that the iron had been magnetised ? (U.L.C.I., A, 
1935.) 

2. Sketch the distribution of the magnetic field due to a horseshoe 
magnet: (a) without keeper, (b) with a keeper placed so that there is a 
small gap between the keeper and each pole, (c) fitted with pole pieces and a 
soft iron cylinder between the poles as in a moving-coil instrument. In. 
each case show the polarity of the magnet and the direction of the magnetic 
field. (U.E.I., SI, 1935.) 

3. State the Inverse Square Law as applied to magnetic poles. What 
is meant by unit magnetic pole, and intensity of a magnetic field at a point ? 

If a unit magnetic pole were placed half-way between two unlike poles 
of strengtlis 200 and 500 units respectively, which are 40 cms. apart, what 
would bo the resultant force on it ? (U.E.I., S2, 1933.) 

4. Describe a method of magnetising a length of steel wire by means of 
four bar-magnets, showing clearly how the poles of the magnets are arranged. 
What is meant by consequent poles ? 

How would a bar-magnet with consequent poles, freely suspended on 
its centre, set itself with regard to the earth’s magnetic field ? (C. & G., 

1930.) 

5. What materials should be used for the magnet cores of an electric 
bell ? In what way would the action of the bell be affected if the cores 
were made (a) of mild steel, (6) of hard steel, (c) of brass ? What would 
you do if the armature tended to stick to the poles ? (C. & G., 1913.) 

(). Show by means of a sketch a bar of iron wound with some insulated 
wire. Show also in what direction the current must be flowing in the 
winding in order to make the right-hand end a north-seeking polo. 
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ELECTRIC CHARGES 

Preliminary.— The existence of electricity in nature is 
manifested by such effects as lightning discharges, but 
generally speaking its presence is not commonly apparent, 
apart from examples artificially created by man. Actually 
the existence of electrification is usually inferred from the 
behaviour of material things when subjected to electrical 
influences, such as a shock imparted to the human body, 
or the decomposition of certain liquids. There is a close 
parallel to this experience in the case of heat, for a body can 
be recognised as being hot when it feels unpleasant to a 
finger touch. 

It was typical of early scientific explanations to attribute 
such phenomena to the agency of fluids, and corresponding 
to the “ caloric ” fluid theory of heat, there were the early 
fluid theories of electricity. In time the caloric ” theory 
was superseded by the dynamical theory in which heat is 
regarded as a consequence of the energy of vibration of 
the molecules or ultimate particles of a body. Similarly 
the modern theory of electricity attributes electrification 
to a disturbance of the smallest particles of a body or 
electrons (derived from the Greek word for amber) as they 
are called, and it is now generally regarded that electricity is 
the fundamental stuff of the universe. Although the theories 
concerning the nature of matter and electricity have changed 
very rapidly during the last decade, it is stiU recognised that 
there are two kinds of electricity, a fact which can be shown 
by the following experiment. 

Experiment .—Rub a rod of ebonite with catskin and show 
that the part of the rod which has been rubbed has acquired 
the property of attracting light bodies such as sawdust, bits 
of paper, etc, The rod of ebonite is now said to be electrically 
charged, 
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pEELiMiNAEy.—The existence of electricity in nature is 
manifested by such effects as lightning discharges, but 
generally speaking its presence is not commonly apparent, 
apart from examples artificially created by man. Actually 
the existence of electrification is usually inferred from the 
behaviour of material things when subjected to electrical 
influences, such as a shock imparted to the human body, 
or the decomposition of certain liquids. There is a close 
parallel to this experience in the case of heat, for a body can 
be recogrused as being hot when it feels unpleasant to a 
Anger touch. 

It was typical of early scientific explanations to attribute 
such phenomena to the agency of fluids, and corresponding 
to the “ caloric ” fluid theory of heat, there were the early 
fluid theories of electricity. In time the “ caloric ” theory 
was superseded by the dynamical theory in which heat is 
regarded as a consequence of the energy of vibration of 
the molecules or ultimate particles of a body. Similarly 
the modern theory of electricity attributes electrification 
to a disturbance of the smallest particles of a body or 
electrons (derived from the Greek word for amber) as they 
are called, and it is now generally regarded that electricity is 
the fundamental stuff of the universe. Although the theories 
concerning the nature of matter and electricity have changed 
very rapidly during the last decade, it is still recognised that 
there are two kinds of electricity, a fact which can be shown 
by the following experiment. 

Experiment .—Rub a rod of ebonite with catskin and show 
that the part of the rod which has been rubbed has acquired 
the property of attracting fight bodies such as sawdust, bits 
of paper, etc, The rod of ebonite is now said to he electrically 
charged, 
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Next suspend a charged ebonite rod in, a stirrup (Fig. 24), 
and bring another charged ebonite rod u]) towards it. ( Note: 
Both rods must be charged in tlie same manner, e.g. by rubbing 
with fur.) The suspended rod will sufTor re.}>nlHion, Now 
charge a glass rod by rubbing it with silk and l)ring it up 
towards the suspended (and charged) obonik^ rod, attraction 
will ensue. If, however, this charged ghiss rod is moved 
towards a suspended glass rod whi(*li lias (ha-rgc^l in, a 

similar manner, then repulsion occurs. Such expeahnemts as 
the above led to the deduction that at. huist two kinds ol* 
electrification existed, and that bodies with a similar (4(Hdri- 
fication repel one another, but oppositely ek^ctrituHl l)odi(\s are 

r-T-- attracted to ea(*h otlu^r. ileiu^o 

the fundanumtal law of eku^ro- 
statics : 

Like charges repel, unhke 
charges attract. 

Experimmt -Bri ug a cl uirgcd 
ebonite rod towards a small pith, 
ball hanging by a dry silk 
suspension irom a stand, aix 
arrangement known a.s a pith ball 
electroscope. TJie pith i)all will 
24 . initially attracjtod to tlio rod, 

but after contact will sidhr re¬ 
pulsion. This effect may bo explained by ])rc\suming that 
the pith ball on contact with the rod accfuires th(^ sanu^ hind of 
electricity as the latter, so that reimlsion occurs a.s a (Jon- 
sequence of the above law. 

In order to distinguish between tlie dilTeront kinds of 
electrification the terms positive (+) and negative (- ■) are 
used. It is conventional to regard an obonito rod rubbed 
with fur as being —vely electrified, whereas a glass rod 
rubbed with silk is said to have a charge of +yo electricity. 
The notation, however, is purely arbitrary, and in the liglit 
of modern experience it would have been better if the chosen 
nomenclature had been reversed. 

It should be noted also that the sign of electrification pro¬ 
duced by '' rubbing ” or friction depends on the typo of 
rubber, as well as on the material of the rod, for example a glass 
rod when rubbed with fur becomes -—vely electrified. Follow¬ 
ing the discovery of the existence of two kinds of electricity, 
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Dll Fay, a French soldier of the early eighteenth century, 
advanced the theory that there were two kinds of electric fluid, 
and that in a neutral body these fluids were present in equal 
amounts, but they could be separated by friction. On this 
theory the state of electrification of a body depended upon 
the particular fluid which was in excess. Benjamin Franklin 
(1706-1790) later attempted to simplify the two-fluid theory 
and propounded a one-fluid theory, and a modification of this 
theory has been largely used as a means of explaining many 
well-known facts of experiment. In this theory a body is 
said to be +vely or — vely electrified according as to whether 
it possesses respectively an excess or deficit of this weightless 
fluid, or '' electric fire ” to use Franklin’s phrase. 

The modern electron theory shows a similarity to Franklin’s 
theory except that now a -{-vely charged body is due to a deficit 
of the —vely charged electrons, while a — ve charge results 
from a surplus of electrons.^ The electron theory received its 
inception at the instance of Sir Ernest Eutherford’s experi¬ 
ments on radioactivity and was subsequently developed by 
other scientists. The main development is generally attri¬ 
buted to Mels Bohr, the present Professor of Physics at Copen¬ 
hagen, who was a research student under Rutherford at 
Manchester University. According to this startling and 
beautiful theory the atom of any substance consists of a 
heavy -\-vely charged core or nucleus round which a number 
of — ve charges (electrons) travel at high speeds, lilte so many 
planets round the sun. The resultant charge on the nucleus 
is +ve, as despite the possible presence of electrons on the 
core, the number of protons (i.e. positive units of electricity) 
present will always be in excess. Furthermore, it follows 
that the resultant +ve charge on the nucleus must be equal 
in magnitude to the total — ve charges of the revolving elec¬ 
trons, since in normal circumstances the atom as a whole is 
neutral, i.e. shows no charge. 

The number of electrons surrounding the nucleus varies 
from one in the case of hydrogen (Fig. 25) to 92 for uranium, 
and the intervening kinds of atom can be consecutively 
arranged such that any particular atom has one more and 
one less electron respectively than the preceding and suc¬ 
ceeding atoms. The number of revolving electrons in an 
atom of an element is called the atomic number '6f the element, 
a term introduced by a brilliant English scientist named 
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Mo.seloy, who waw uuforiuiud oly killed I in ( hvat War. 
The order of tliivS list, of afoniie. nunilxa-K follows that of the 
atomic weights of known eleuuMits and of tlios^^ wliit^h arc 
snspoctod to exist. Since mmriy all the itiass ol* a,n atom is 
eoneentratod in the nuclonSj tiu^ atonii(^ weights of diiha’ont 
clemonts arc almost completely <l(yp(md(‘ut upon tluMliiTorcnco 
in the masses of thedr nneku. 

All elo(^irons ha.ve the same mass 
which is only I/lHoOth of the mass of 
the nucleus of the lightest atom, that 
of hydrogen, ddie mass of an atom of 
hydrog(Hn is l'h4 ' . Id gm. 

The actual volumi^ (xuarpied by the 
nucleus of an atom and its el(H!trons 
is oxtrenu^ly sinall in ndation to the 
space in whi(^h they mov(\ in fa(?t the 
relative volunu^s })oar a similar ratio to 
those of a speech of dust and a large lialL 
The miniitoTicHsof an (dend-ron or mudous 
is further cmphasis(Kl wlum tlu^ stnall- 
noss of the atom itself is realisc^d, c.g. 
there arc over 10^^ atoms in a drop of 
water. 

A largo numl)or of (^letdric^al phen¬ 
omena may bo cxplairuHl in terms of 
the elocitron tboor.y, and as an example 
the mechanism of the (diarging of an 
ebonite rod by friction will bo rev lowed 
in the light of this theory. 

Fiu. 25. In some substances the outer (doc- 

trons.of the atoms arc more hrmly 
bound than in others, honco it ivS conceivable that by 
bringing these into intimate contact, c.g. by rubbing two 
particular substances together, the outer oloctrons of a small 
fraction of the atoms of one substance will migrate to the 
adjoining atoms of the other substance. In the case of the 
ebonite rod and fur, the electrons lost by the fur arc gained 
by the ebonite which thus becomes —vely charged, and it is 
evident that the fur must show a + vo cliargo ocpial in magni¬ 
tude to the sum total of that of the lost electrons. This 
deduction can be verified by experiment, using a gold leaf 
electroscope. It has been estimated that with the strongest 
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possible electrilied ebonite rod only about 1 in 10^^ of the 
total electrons are transferred. 

Conductors and Insulators.— It was known to the 
Greeks over 2,000 years ago that amber acquired the property 
of attracting light bodies after it had been rubbed, but it 
was not until the latter half of the sixteenth century that 
Dr. Gilbert, who will be mentioned again in connection 
with magnetism, discovered that a large number of substances 
possessed this property. In the case of some substances the 
charge remains on the part where it is developed (cf. ebonite 
rod in experiment on page 23), while in the case of others it 
distributes itself all over the body and, where possible, finds a 
channel through which it passes to earth or other connected 
bodies. 

Substances along, or through, which electric charges do 
not readily travel are known as insulators (or non-conductors), 
and typical examples are ebonite, amber, shellac, sulphur, 
glass, porcelain, and sill?. On the other hand substances 
which offer a comparatively easy path for the passage of 
electric charges are known as conductors. The best conductors 
are the metals, followed by carbon and salt solutions. 

It should be noted that the distinction between the two 
classes is really a matter of degree only, as it is impossible to 
obtain a perfect conductor or a perfect insulator. Again 
with some materials it is difficult to place them definitely in 
either class, for a substance such' as dry wood is a partial 
conductor when used with high voltages (i.e. high electrical 
pressures), but can be employed as an insulator in low voltage 
circuits. 

Experiment .—Hold a rod of brass in the hand and rub it 
with a catskin. Bring the rubbed end near some small pieces 
of paper. No evidence of electrification will be apparent. 
Next mount the brass rod in an ebonite handle, and, taking 
hold of the latter with one hand, rub the brass as before. It 
will now be found that the brass rod attracts pieces of paper 
when it is brought near them. 

In explanation of the above experiment, it is evident that 
in the first case the charge developed on the brass rod was 
conducted through the rod itself, and thence through the 
human body to earth. In the second case, however, the in¬ 
sulating ebonite handle proved a barrier through which the 
electricity could not readily pass. 
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Consequently to discharge an (ivclHjlvd conductor it is only 
necessary to earth it by touching with a linger (;issuniing no 
possible danger of shock, and providing tlic ol)server is not 
insulated from earth by possessing rubl)er soles to his boots), 
or by a metal wire connection to a water pipe. 

The Gold-leae Electroscope.— This is a- veny convenient 
instrument for detecting the presences of electric^ tliargcvs and 
exists in a number of diiTerent modifications. A very simple 
form of the instrument is shown in ^'ig. 2(>, and consists of a 

metal su])port IC to the bottom 
end of which two gold leav(\s gg 
arc^ attac-hetl l)y a thin (‘oating of 
shelhuf, ear(‘, being takcai that 
metallic (contact b(‘tw(Mm leavers 
and siipi)ort is pnvsm-ved. Tlu^ 
leaves and part of tlu^ support 
arc contained in, a ghuss bell jar J 
which is fitted with a stoppcir t] 
made of sulphur or similar high 
insulating material. The rod B 
which carriers a nutal cap (I, 
passes centrally through the in¬ 
sulating stopper and is Hup|)orted 
by it. 

SS are stn|)S of tin or load foil 
^ fixed to the walls of tlu^ case 
opposite the gold loaves, and 
also to the woodc^n base W of 
the instrument. When the gold leaves arc^ (‘barged, the 
induced charges (page 30) on the strips SB tend to further 
increase the deflection, i.e. make the instrument more sensi¬ 
tive. If the deflection becomes very largo the loaves will 
touch the strips and become discharged, thus preventing i;ho 
possible fracture which might occur through excessive diver¬ 
gence. 

Another type of, electroscope is shown in Fig. 27, and in 
this form the container J is a metal box provided with glass 
windows for viewing the gold leaf g. Only one leaf is used, 
and when undeflected it rests on the flat brass plate lixed to 
the lower end of the rod B. The sensitivity of this instrument 
may he increased by moving inwards the metal plate P, which 
is in metallic connection with the case J. The latter can bo 
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effectively connected to “ earth ” by joining a thin wire to 
the terminal T, the other end of the wire being soldered to a 
water or gas pipe. 

If the gold leaf and rod B are requhed to hold a charge for 
any appreciable time, it is very necessary that the air within 
the vessel J should be kept dry. Hence a suitable receptacle 
R (Pig. 27), containing a drying agent such as phosphorus 
pentoxide or silica gel, should bo placed inside the in¬ 
strument. 

In order to charge an electroscope by contact, rub an 
insulated brass conductor with fur and bring it into contact 
with the metal cap 0 of the instrument. The leaves diverge 
and remain so on removing 
the conductor, and the elec¬ 
troscope is said to be — vely 
charged. Discharge the 
leaves by earthing the cap. 

Repeat the experiment with 
the brass conductor using 
india-rubber instead of fur 
as the rubber, and so charge 
the electroscope +vely. 

E xp eriment .— To test 
whether a body is electrified 
or not, and if so what sign of 
electrification it possesses, ^ 
three electroscopes will be Pig. 27. 

required. They must be re¬ 
spectively H~vely charged, —vely charged and neutral, or 
alternatively one electroscope may be utilised to assume each 
state in turn. 

If no divergence of the leaves is produced on bringing up 
the body to the cap of the neutral electroscope, then the body 
is uncharged as either a H-vely or —vely charged body will 
produce a deflection of the leaves. 

On slowly bringing up a charged body to the 

charged electroscope an increased divergence will be obtained, 
but a —vely charged body will cause the leaves to collapse. 
If, however, the body has a large — ve charge and is brought 
very close to the cap the leaves may open out again. This 
effect is due to electrostatic induction and is comparable to 
the mametic case already discussed on page 3. Hence it is 




30 


TECIHNK V\L EL liCTUU TVY 


very necessary to move a body shwh/ towa-rds the elec^troseopo 
and observe the initial olTeet on the leaves, 

A H-vely charged body on dowU/ a,|)[H'()a,ehing the - v(^ly 
charged electroscope will cause the leavens to (H)lIa.[)S(i, and it 
should be noted tliat the same elTect is produecHl by bringing 
up an earth-connected conductor to the instrunuvnt. 

Hence the only sure, test for the sujn of elvctrlfknliori of a. body 
is that if an increased dmrgrnce of the leavt^s is obtained on 
slowly bringing up the body to the ca.p of the t'I{K;troscope, 
then the body is electrified similarly to the eloctroscopoj i.o. 
either +ve or —ve. 

A Pjr.ooi?' Plane consists of a chopper (or br<iss) dm) or 
ball, say about | in. to I in. diameter, mounted at tlu^ end 
of an ebonite rod (Vig. 28) as handle. When 
the disc is placed in c;<)nta.ct with the surface 
of a conductor it l)ecomeH a. portion of this 
surface and will a(;(|uire a (duirgo di^pmideut 
upon the amount of charge on tlio cionductor 
at the point of contact, l^y removing the 
proof plane in a direction normal to the 
surface, the sign and magnitudes of the ac¬ 
quired charge may bo detected and moasiuxKl 
by an electroscope. It should bo notcul that 
the fraction of the total charge of tlu^ con¬ 
ductor which is removed by the proof plane 
is small, if its area is kept sniall rcJativci to 
Pia. 28. the total area of the condiu‘tor. 

Indtjcei) Electbio Chaikies.- The fact 
that bodies can bo electrically charged by indiu^tion was dis¬ 
covered by Canton, an English schoolmaster, who livcnl in the 
eighteenth century. The following experiment illustratcjs a 
method of charging a body by induction : 

Experiment. —Bring a —vely charged ebonite rod near 
one end of a narrow sausage-shaped brass conductor which 
is mounted on an insulating stand (Fig. 29). Next, while the 
ebonite rod is held in position, touch the end X of the con¬ 
ductor with a proof plane and show that the latter is —voly 
charged by producing an increased divergence of a — vely 
charged electroscope when the instrument is approached. 
In a similar manner show that the end Y has a +yo charge, 
in this instance using a +vely charged electroscope for its 
detection. 
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On removing the charged rod the conductor will he found 
to be discharged, from which fact it is deduced that the +ve 
and —ve charges at Y and X respectively, were equal in 
magnitude. 

Repeat the experiment, but, with the charged ebonite rod 
in position, earth the conductor by finger touch. Withdraw 
the ebonite rod and test for electrification on the conductor 
by means of a proof plane. It will be found to be —vely 
charged. 

If possible a modification of the above experiment should 
be performed in which two equal insulated metal spheres X 
and Y, initially uncharged and in contact, are separated while 




under the influence of the charged ebonite rod, and the sign 
of their charges examined. 

In explanation of the above experiment it is said that the 
—ve electricity on the rod repels the free electrons of the 
brass conductor to the further end X, leaving a deficiency at 
Y, which means that this nearer end has become H-vely 
electrified. When the conductor is earthed by momentarily 
touching with a finger the electrons at X travel to earth 
through the human body. On removing the ebonite rod 
the fl-ve charge which was previously bound becomes free, 
and distributes itself over the whole of the conductor, which 
has thus been charged by induction. 

It should be noted that when a +vely charged conductor 
is earthed, electrons are said to pass from the earth to the 
conductor until the charge is neutralised. 

Experiment ,—^The easiest and best way of charging an 
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electroscope is by the method of induction. In order to 
charge an electroscope — vely, for example, obtain a +vely 
charged rod and gradually move it towards tlio clcc^troscopc 
until the required divergence of the leaves is obtained. Witli 
the rod held in this position (Fig. 30 (a)), earth the electroscope 
by touching the cap with the finger (Fig. 30 (h)). The leaves 
will collapse. Now insulate the cap and the leaves by rcunov- 
ing the finger, and note that the leaves still rtauain closed 
(Fig. 30 (c)), but that upon the removal of tlu^ rod t}u\y open 



out to their previous extent and the olectroseopo has I)ocu 
—vely charged by induction (Fig. 30 (d)). Thcs studcmt 
should explain the results of this exporinient in a similar 
manner to the explanation given for experiment on page 31. 

Elbctbio Lixes ob Force. —In a similar manner to tlio 
corresponding magnetised body, an electric charge is rc^gardcMl 
as subjecting the surrounding space (or ether) to a state of 
strain which can be represented by so-called electric linc'ss of 
force. These latter have similar properties to magnetic 
lines of force, viz. (1) they‘are subject to a tension along their 
length, (2) they repel each other laterally, and (3) they do 
not intersect; furthermore, the -|~vo direction of a line of 
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force IS assumed to be the direction in which a free -t-ve 
charge would move. Fig. 31 shows the distribution of itl! 

eQuarcbSrL?“ ^ ^ spherical conductors having 

equal charges respectively similar and dissimilar. 




J'lQ. 31. 


The electric fields in the above cases may be mapped out 
m a manner analogous to the use of iron filino-a 
o»^o crystal, or by . m 

carborundum crystals scattered on a i l ^ 

On the mdorsido ot the plTU aLe™o^S“r'’'“I'i 
fed out to the de»„d sheje. tard estTS oo^oSS fnSS 
an e ectrieal machine (page 60) or high tension (he high vof 
tage) generating set. Under the influence of The ekcSc 
crystals become polarised and tend to set th^mQ-ai 
with their longest axes in the direction o?the fi3l ““^^®® 
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The Electric Field of an (^(Hiirilied l) 0 (ly is the surround¬ 
ing space in which the in fiueuce of the charge may bo detected. 
An interesting example illustrating tlu^ application of the 
idea of lines of force to a particular problem is alTorded by 
the charging of an electroscope by induction -Figs. 30 (a) 
(6), (c) and (d)). 

It should bo carefully noted by referemee to the above 
Fig. 30 that the linos of force conitn(au*.(^ on a ”| ve charge and 
end on a — ve charge, and that tlu\y (uid always on th(\ surface 
of a conductor and do not pass through ii;-. Again it is also 
evident that the linos of force from thc^ It^avc^s (uid on the 
earth-connected box wliich tlms acts as an vhTfrlc semen from 
electric forces outside. 

Law oe h'otuJE Between 

Electric Ciiarc es. .- The 

law of ai.trat4.ion and rojuil- 
sion hetwe^ou (^kadric; charges 
is similar to the correspond¬ 
ing law in the (iaso of 
magnetics pokvs. It is an¬ 
other (example of the inverse 
square law and is as follows: 
The mechanical force bekveen 
two eleelric cJumjes varies in- 
versel/i/ as the square of the 
.. distance bekveen them. 

The law was first verified oxjicrimontally by Ooulomb, 
using his torsion balance, which consisted (ifig. 32) of a long 
light insulating rod carrying a small fixed gilt pith ball at 
each end. The rod was suspended by a fine wire to rcist hori¬ 
zontally inside a glass case. One of the balls was charged, 
so that when a similarly charged pith ball / was placed near it, 
repulsion ensued and was balanced by the torsion of the wire. 

The non-existence of lines of electrical force inside a chaigcid 
hollow sphere as shown by experiment, is now taken as the 
generally accepted verification of the law, as Cavendish 
showed mathematically that this state of affairs would only 
exist if the inverse square law was true. 

Expressed symbolically if e and are the magnitudes of 
the two charges in electrostatic units and r cms. is the distance 
between them, the force F between the charges when situated 
in air (or more strictly vacuo) is given by 
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dynes. 

If P=1 dyne, r=l cm. and ei=e, then it immediately 
follows that e~l, i.e., 

The electrostatic unit of charge (or guantity) is that charge 
which when placed 1 cm. in vacuo (or air) from an etiual and 
similar charge, repels it with a force of 1 dyne. 

It is important to notice that the above law requires 
modification when media other than air (or vacuo) separate 
the charges. If paraffin wax replaces air as the intervening 

medium then the force is reduced to of its previous value, 

while in the case of water the expression for the force is 


In general the force between two charges is given by 


P 



eCi 

• r2 


where K is a constant depending upon the medium separating 
the charges. This constant will be seen later to be an im¬ 
portant factor in the theory of condensers, and it is known 
as the specific inductive capacity (S.I.C.) or dielectric constant 
of the medium. A table of values of K for a number of 
common substances is given in the Appendix. 

It should be mentioned here that air (or any other gas) is 
normally a very poor conductor of electricity owing to the 
firmness with which the electrons are held by the molecules of 
the gas. Under certain circumstances, however, electrons 
may be detached temporarily from some of the molecules and 
in turn they may attach themselves to other molecules. Con¬ 
sequently +vely charged and — vely charged molecules will 
exist in the gas; these are known as ions, and as such they 
are free to move independently under the action of an electric 
field. The gas is now said to be ionised,'' i.e. a conductor 
of electricity. 

This condition may be brought about in a number of 
different ways, one method consists in creating an intense 
electric field. Hence the few ions which are always present 
in a gas are accelerated to such velocities, that the violence of 
their colhsions with neutral gas molecules cause the latter to 
be ionised (see paragraph on action of points, page 40). 
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Examplv I. 'I'vvo (Hjiial splua’os arc insulated 

a.nd (*harg<Hl with 25 and | 15 units of (‘k'ctrieit y ix^sfKH'.tively. 
What is the iona^ hcd-wiaui Mu‘ spiuu-t^s wluui the distanco 
l)(d-ween their eentn>s is 20 eins. 'i If i-iu^ i-wo spheres arc 
now nronientarily phuaul in (*oi\<a.et a.nd nri‘. thtui rtunovod to 
their previous ])ositioiis, how liave tlu': inagnitude and nature 
of their nintual ibree ehauf^cMl 'I 

Before the spheres are brought into (‘ontatd. the force 


between them- dytics 


:^)x( ! I5) 
20 - 


i.o. a force of nliraelion ('—ve sign) of ^ 


dyne. 


On bringing the two spheres into (amtaet tlu^ total charge, i.o. 

— 25 + 15 — 10 units will spread itself (H{ually over the 

spheres, since they arc idcaitical in siz(^, and (Mich will reuxave 

— 5 units. H<me.e the force hc^twanux the spheres 


afler contact will be 


-5)x(--5) 

20 ‘*^ 


+ JO 


t2 -4 



*8 


ria. 33. 


i.(^ th(^ force has boon 
j’edu(^(^<l in magnitude 
and is now rejniMve 
(d^vo sign). 

Example 2. ..Small 

sj)her{vs carrying charges 
.p2, -.-4, d-() and -f8 
units are placxHl in order 
at the angular points 
of a sqxiarc ABOD of 
side 12 oms. Determine 
the magnitude and di¬ 
rection of the force on 
a charge of —3 units, 
which is placed at the 
point of intersection of 
the diagonals. 


The charges are distributed as in Kg. 33. The charge at 


the intersection of the diagonals is at a distance of 6 \/2 ems. 
from each of the other charges. 
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Force on charge ~3 units at F due to charge + 2 units at A 
2 ^ ^ 

= ^ To (—ve sign indicates attraction). 

oD X 2 12 

Force on charge —3 units at F due to charge +6 units at C 
6x — 3 1 , 


/. Resultant j —-^=-^dyne in direction FC. 

Force on charge —3 units at F due to charge —4 units at B 
-4x -3 , 1 , 

Force on charge —3 units at F due to charge +8 units at D 


8x ~3 
36x2 


— ™ dyne. 


Ill 

Resultant R^ =+ "g" == “^dyne in direction FD. 

Hence the magnitude of the resultant force on the charge 
—3 at F is R, where 


R ^2 (since Rj and R^ are at right angles) 


4- dyne = 0.53 dyne. 

To determine the direction of R it is easily seen that 

1 

tan Z. RFC = =-|- = 3 

6 

whence /_ RFC (from trigonometrical tables) =71° 34'. But 
ZCGF=180°-Z.GF0-ZFCG=180°-7r 34'-~45°=63° 26' 
i.e. the resultant force makes an angle of 63° 26' with the 
line joining DO. (G is point on DC cut by FR). 

Intensity oe Electric Field.—I n a similar manner to 
the case of a magnetic field, an electric field is regarded as 
the space surrounding an electrified body (or system of 
charges) where its influence can be detected. Further, an 
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electric field is said to have unit intensity at any point when it 
exerts a force of 1 dyne on a unit pole placed there, and the 

direction of tlie field m given by tha.t in which a unit +ve 
charge moves. It is tacitly assumed thaf tlu’* introduction 
of the charge does not disturb the original held. 

It should be carefully noted that if a charges of 2 e.g.s. 
units is acted on by a force of 10 dynes when jdaced in an 

electric field, the strength of the field at that point is = 

5 e.g.s. units and not 5 dynes. 

Exaviple .—^Calcnlatc the strength of an (doctric field at a 
point distant 10 cms. in air from the c(mtre of a eonducting 
sphere carrying a charge of 50 e.g.s. units. 

The charge of 50 units may ho considcu’od as ac*ting at the 
centre of the sphere, hence the force on unit eharg(^ at a point 

distant 10 cms. away will bo given by 

50 e.g.s., ^72=1 y=10 cms. 

i.o. I’==-^2 <3yiio. 

The strength or intensity of the field at a point 10 cms. 
away from the centre of the sphere is 0.5 e.g.s. unit. 

Distribution or Electricity ok Charged Conductors. 

—In order to dotormino the 
amount of charge per unit area 
or surface density of electricity 
at any point on a conductor, an 
area surrounding the point is 
taken and is chosen small enough 
so that the distribution of chargo 
over it may be assumed uniform. 
The surface density is then equal 
to the total charge on this chosen 
surface divided by its area, i.o. 
it is equal to the quantity or 
charge of electricity per unit 
area round the point. 

The fact that an electric chargo 
distributes itself uniformly over 
a conductor of regular shape, 
Eig, 34. i.e. the sphere, may bo experi- 
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mentally verified by means of an electroscope fitted with a 
graduated scale placed behind the gold leaves. 

Experiment ,—Charge an insulated brass sphere and place 
the disc (D) of a proof plane in contact with a portion of its 
surface (Fig. 34). Remove the disc in a direction normal to 
the surface and transfer the acquired charge to an electroscope. 
Note the divergence of the leaves. Repeat the procedure, 
when it should be noted that the divergence • is the same 
whichever part of the surface of the charged sphere is touched. 

Replace the sphere with an irregularly shaped conductor 
and note that the distribution of charge is not uniform. 



Fig. 35 shows the density of charge over differently shaped 
conductors, the separation between the dotted line and the 
outline of the conductor at any point being a measure of this 
quantity. In the case of an ellipsoid (Fig. 35 (a)), the density 
has its maximum value at the ends of the longest diameter 
and is a minimum at the ends of the shortest, while a flat 
disc (Fig. 35 (b)), shows a high concentration of charge at the 
edges. The general rule for any isolated solid conductor is 
that the surface density is uniform over flat surfaces but 
increases as the curvaUire becomes greater. (Note that the 

curvature at any point is given by where r is the radius 

of the sphere which closely fits the contour of the surface of 
the conductor at that point' 
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ThiK tcui(l(‘,n(‘y of olee- 
tricity to (jollcct at .sharp 
edges and points explains 
the well-known, |)henomonon 
of tlie discharging action 
of sharp points. The high 
(Icnsity of (tiarge at a point 
attracts the dust and air 
parti(iles in its neigh hour- 
hood, which on contact with 
the conductor becoinc simi¬ 
larly charged. They arc then ropollod and carry away the 
acquired charges with them. The Htroa.in of particles driven 
away from the point in this manner constitiit(\s an eleclHc 
wind. Tliis wind can bo maintained l)y con malting the point 
to the stationary conductor of a Wimshiirst electrical tnachino 
(page 60), and may be sufliciently strong to blow out a candle 
flame (Fig. 36). 

Newton's Third Latv of Motion tells us that action and 
reaction are equal and opposite, and tlio action of the <ilec4‘.ric 
windmill (or electric whirl) is due to the fact tliat wluni the 
electrified particles near a point arc repelled, tluux^ must bo a 
corresponding reaction on the point. The windmill c^onsists 
of a light cross of wire (Fig. 37) with the ends sharjHmod and 
bent at right angles, so that they all point in thes same 



direction. When this cross is pivoted on a needle point find 
charged by an electrical machine a stream of chargesd particles 
issues from each point, and the reactions produced at thciso 
points cause a rotation of the mill in, an opposite direction 
to that in which the points are bent. 
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An important application of the theory of the action of points 
is in the use of lightning conductors to protect buildings from 
damage due to lightning discharges. A Hghtning conductor 
consists essentially of a broad strip of iron or copper (alter¬ 
natively thick stranded wires) which is carefully insulated 
from the walls of the building. The conductor terminates 
at its upper end in a number of sharp points, and is 
efficiently earthed in moist soil at its lower extremity. The 
presence of a 4-vely charged cloud 
above the conductor (Fig. 38) in¬ 
duces —ve electricity at its upper 
extremity, while the induced -fve 
charge is neutralised by the passage 
of electrons from earth. Further¬ 
more, since the upper end is pointed 
an intense electric field will be pro¬ 
duced there so that the air becomes 
ionised, and the cloud will thus tend 
to become discharged by the stream 
of — ve ions attracted towards it. 

The discharging action of points 
will be mentioned again later in 
connection with the Wimshurst 
Machine (page 60). 

It should be mentioned here that 
when the air surrounding a conductor 
becomes strongly ionised the dis¬ 
charge is known as a “ corona ’’ Fia. 38. 

discharge, and may be visible as a 

pale violet light. When the electrostatic stress is increased 
its place is taken by a “ brush ” discharge (consisting of pale 
blue light streamers ” diverging outwards from the conductor 
in the form of a brush and accompanied by a hissing sound) 
until finally there is the “ flash-over ” to an adjacent 
conductor, i.e. the spark discharge with its distinctive 
“ crack.'' 

In high voltage overhead transmission lines a '"corona” 
discharge may take place from the conductors, and also in 
cables where air films exist. The effect is also liable to occur 
in transformers, switchgear, etc., and any possible trouble 
due to this cause is reduced to a minimum by the employment 
of rounded parts and earthed metallic screens. 
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It is evident tliat if eondu(*.torK arc to nd‘.ain their eliarges 
they must not possess sharp edges or ]joints, and further¬ 
more electrical apparatus should he kc\pt free from dust 
particles, as the latter act as points and txmd to lower the 
effective insulation, i.c. to dissipate the c^harge^. 

QUESTIONS. 

.1. DiHiiiigiiisli between condiietors and in.sulaiorM and give exain|)Ies 
of each. Kxpiain why Hoino bodies readily <*onduet eh'eiricity wl)ilo otliers 
do not. 

2. Describo a,n cx])o:riinont to show that both positive and. negative 
charges are prodiieod in cqtial quantities hy frictional nuvthods. How is 
this fact ox])iaincd t)y theory ? 

vi. How docs the shape of a charged body ail'eet the distri])ution of 
charge on it.s snrfacto V 

Hlustrato your aiuswer by showing the dist.riliutiou of charge on the 
following isolated condiujtors, a Hplnu'e, a cone, a. (*.nbe and a circular disc. 
Explain the action of a sharp point on i\> highly eiiargc^d conductor. 
(0. & G., 1934,) 

4. Explain brielly what is meant hy an “ in(hic<Hl <4(‘c.tri<^ charge.” 
Doacriho an experiment to show that the total induced charge's on a body 
are equal to the inducitig charge. (0. & G., 1933.) 

t). A small insulated sphoro A wdiich is oharge<l with 20 units of [)OHitivo 
electricity attracts a similar insulated sphere B whidi is charged with 12 
units of negative electricity with a force of (10 dyiif^s. two Hi)hor(m are 
allowed to touch each other moinontarily and ar(^ tluni nqilaced in their 
original positions. 

What is the force now oxortod between the two splnn't's V its it jiti raction 
or repulsion ? What will ho the force exerted if t4i(^ distances hetw'oen the 
spheres is halved Y (C. & G., 1928.) 

0. Give sketches showing (a) the electrostatic*, hhics of force duo to an 
insulated negatively charged ball, and (/>) the distribution of tlu^ lirn^s when 
a similar ball, also charged negatively, is placed sonu^ distance from the 
former. How would the force between the halls I)o alien'd by doubling 
the distance between them ? (0. & G., 192U.) 

7. Deseribe the construction of a gold h'af olectrosco|)e. How may it he 
used to determine whether a body is electrified or not, and if so what sign of 
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Electric Potential.— The idea of electric potential was 
first suggested by the Hon. Henry Cavendish (1731-1810), 
who was one of the most extraordinary characters in the 
history of science. Cavendish did not actually use the term 
potential but wrote of the “ degree of electrification ” of a body. 

Experiment .—Give a negative charge to the ebonite disc E 
(Fig. 39) of an electrophorus by rubbing it with catskin, and 




t 


JI 




Fig. 39. 


holding the insulating handle H, place the metal cap C on 
the charged disc. The surfaces of the disc and cap are 
sufficiently irregular that actual contact between them is 
made only at a few points. The metal cap consequently is 
charged by induction, and on touching it the induced negative 
charge passes to earth. The cap may now be removed with 
its charge of +ve electricity, and the least distance is noted 
at which a spark will not pass between it and a knuckle of a 
finger presented near to one edge of the electrophorus. If 
the experiment is repeated after a larger charge has been 
given to the ebonite disc, then a spark will pass at a longer 
distance than before. 
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In the above experiment it is the difTereneo between the 
''degrees of electrification’’ (or potentials) of tlie cap and the 
knuckle which is the cause of the spark. 

It is convenient to regard the earth as being at zero potential 
so that all earth-connected conductors are at zero potential. 
In the earliest development of (electrical theory attention, was 
always focussed on the supposed movement of +vo elecitricity. 
Hence, since the cap in the above experiment is at a -|™vo 
potential (i.e. higher potential than the earth), when it is 
earth-connected +ve electricity will flow from the con¬ 
ductor to earth. Adopting a modern perspective, this transi¬ 
tion constitutes a flow of electrons from the earth to the 
conductor. It should bo noted tliat a v(4y (ihargod isolated 

(‘.onductor is (‘.onsichu’cd to 
be at a -V(^ ])Otenfhil (i.e. 
a potc^ntial fallow that of 
the eartli). IIciuh', if two 
conductors, charges I to 
diffoixmt j)otrentials, arc^ 
“■ placed in electric^al con¬ 
tact, thei’o will b(^ a flow 
of -| ve (‘l(H4jri(‘it;y from 
_ the one at the higher to 

.Eie. 40. the one at tlu^ lower 

potential, until both con¬ 
ductors have attained the same potcmtial. it follows that 
all points on a charged oondudor must bo a<t the same 
pot' ntial. 

Electrical potential is analogous to Uvd in liydrostaties, 
and to temperakire in heat. In tlio latter ease the tem])orature 
of a body is defined as its " degree of hotness,” and it is the 
condition which determines whether heat will flow from the 
body to other bodies, or vice versa. Likewise iJhe eUcLric 
potential of a body is the condition which determines whether 
electricity will flow from the body to the earth or vice versa. It 
will be useful to consider the hydrostatic analogy more fully 
by referring to Eig. 40, where A and B are two vessels of 
relative sizes as indicated. On opening the tap T, water will 
flow from B to A, despite the fact that the quan tity of liquid 
in A is greater than that in B, i.e. it is the pressure head of 
water which determines the direction of flow of the liquid, and 
this flow will be maintained until the level of the liquid in 
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the two vertical tubes is the same. Electric potential is 
analogous to this hydrostatic pressure and is referred to often 
as electric pressure. In this connection it should be remem¬ 
bered that Faraday considered the medium surrounding a 
charged body to be in a state of strain, and that insulators 
such as air are able to withstand this electric pressure, or 
potential, in varying degrees, but that when a conductor 
forms a part of the surrounding medium, a movement of 
electrons in the conductor results in the phenomenon of 
induction. 

Now consider an isolated +vely charged conductor, and 
suppose that a unit +ve charge is brought up from an infim'te 
distance towards the conductor. At any point the unit charge 
will be under a force of repulsion which will vary inversely 
as the square of its distance from the conductor. Hence work 
will be performed against this force of repulsion, and the 
expended energy will be stored up as potential energy (i.e. 
'' energy of position ”) in the charged body ; for, if free to 
move, the unit charge would be repelled to an infinite distance 
by the charge on the conductor. Consequently any point in 
the space surrounding a charged body may be considered to 
possess a potential due to the presence of the charge, and in 
fact the difference of potential between two points and X 2 
can be measured by the amount of work done in moving a 
charge from Xj to Xg. 

The above conception of potential leads to a definition of 
the unit of potential, viz. if one erg of work is performed 
in bringing a unit charge from one point to another, the 
difference of potential between these points is one electrostatic 
unit (E.S.U.). 

It should be noted that the difference of potential is only 
numerically equal to the amount of work done on unit charge, 
and is not expressed in ergs (see example below). 

Note should be made of the fact that if a body is —vely 
charged it attracts the unit +ve charge referred to, and does 
work in drawing the charge to itself. The energy of the 
system thus decreases and the potential of the body is said 
to be negative. 

From a mathematical point of view the potential due to a 
charged body at an infinite distance wiU be zero, as no force 
will be exerted on a unit +ve charge placed there, conse¬ 
quently the potential of a charged body will be measured by 



4G 


TECIIHICAL ELECTETCTTY 


(i.e. is numerically equal to) the work done (in ergs) in bringing 
a unit +ve charge from infinity up to the body. 

In actual practice it is found that a more convenient unit 
is the voU (named after the scientist Volta) which is 1 /300th 
of the E.S.U. of potential. 

The student should now review afresh the question of 
induction from the point of view of potential. As an example 
consider the ease represented by .Fig. 29, page 31. It is 
evident that before the introduction of the sausagc^-sluipod 
conductor, the potential at Y due to the —vely charged rod 
will be less than that at X, as the potential will rise from the 
—ve value of the ebonite rod to zero at the eartli-connected 
walls of the room. In other words there will be an electric 
pressure acting in the direction XY. It follows that whem 
the conductor is inserted in position, this difference of potential 
will cause a supposed flow of ~|~vo electricity from X to Y 
in order that the potential of the conductor should become 
uniform. In the Hght of modern experience this means tliat 
there is a flow of electrons from Y to X, so that X becomes 
—vely charged and Y +vely charged. 

It can be shown that the potential at a point situated (in 

air) a cms. from a charge is equal to - , but if the space 

a 


between the charge and the point A is occupied by a medium 
of specific inductive capacity K, the potential at A duo to the 


charge is g . 

The electric potential at a point due to a number of chargers, 
is obtained by adding together the potentials duo to the 
separate charges, due regard being attached to their signs. 


Example ,—Charges of 8, —12, and 3 electrostatic units 
respectively are placed at the angular points A, B and C of a 
square ABCB of side 6 cms. Find the potential at the 
point D (Fig. 41). 


8 

Potential at D due to charge + 8 at A— + = -|- 

12 _ _ 
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Total Potential at D = — ttAt + % 

o OY z o 

= 0.42 e.s.n. approx. 

Ftjrther Experiments with an Electroscope. 

Experiment ,—Place the electroscope on a slab of paraffin 
wax to insulate it from earth, and charge the cap and leaves 
—vely say, as in the experiment on page 32. The leaves will 
diverge. 

Connect the cap and the metallic case of the instrument 
by using a length of wire fixed to an insulating holder, e.g. an 
ebonite rod. The leaves will collapse. 

The cap (including leaf system) and 
case now form one conductor, and 
electrons will flow from the former to 
the latter until their “potentials are 
equalised. Hence although the electro¬ 
scope is still charged the leaves are 
undeflected, as no potential difference 
exists between the leaves and the 
case. 

Now earth the case, and the leaves Fig. 41 . 

will immediately diverge, since there 

is now a potential difference between the leaves and the 
case, the latter being at zero potential. It should be noted 
that a similar divergence would be observed if the cap, and 
not the case, is earthed. 

It follows from the above experiments that if an electro¬ 
scope be provided with a scale behind the leaves, the instru¬ 
ment may be utilised for the approximate determination of 
potential- differences. In such measurements the case is 
usually maintained at zero potential by connection to earth. 
Instruments used for the actual measurement of differences 
of potential are known as electrometers. 

The student should perform the following experiment to 
test the sensitivity of the electroscope shown in Pig. 42. 

Experiment .—Connect the cap C (Fig. 42) of the electro¬ 
scope to the +Ye terminal of an H.T. (High Tension) battery 
(200 volts) and join the — ve terminal via a high resistance H 
(e.g. an electric lamp) to the terminal T. Observe the deflec¬ 
tion on a scale placed behind the leaf, or by means of a micro¬ 
scope provided with an eye-piece scale). Take a number of 
readings of deflection and voltage by varying the tapping 
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point on the H.T. battery. Plot a curve (^onne(rtin,i»: deflection 
with applied voltage. The curve will obviou.sly r('pn\^(‘nt a 
calibration of the instrinncnt for a. given. [)osit)i(>n of fbe^ plate P. 

Interchange the battery e.ojincctions and show that the 
deflection is unaltered. In consequence of this rc^sult the 






electroscope may bo used for altcwmiting (uirrent (A.C.) 
measurements (page 266). Verify this diHluction by substi¬ 
tuting the A.C. supply mains (22(i volts) for the .II.T. battery 
and note the deflection. 

Experiment .—To verify experimentally that all points on 
the surface of a charged solid conductor are at the siuno 



Fig. 43. 


potential (a result which has been previously antici|)atod), 
proceed as follows: 

Connect a thin copper wire from the cap of an uncharged 
electroscope to the metallic disc of a proof piano (Pig, 411). 
Using the ebonite handle move tne proof plane to different 
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places on the surface of the conductor, and it will be observed 
that the same divergence of the leaves is always obtained. 
This method of using the proof plane in combination with the 
electroscope to measure potential should be contrasted with 
its previous use in measuring electric charge. 

Some Experiments whth Hollow Conductors. 

Experiment .—The purpose of this experiment is to show 
that the charge resides on the outside of a charged tin can, 
in the absence of any charged bodies inside the vessel. 

Charge a tall tin can (i.e. the height should be about three 
times the diameter) which is insulated by a wax block. Verify 
that there is a charge on the outer but no charge on the 
inner surface, by using a proof plane and electroscope as 
in the experiment on page 30. 

To investigate the potential at various points of the system, 
comiect the proof plane to the cap of the electroscope by a 
fine copper wii*e soldered at each end to a small metal ball. 
Move the proof plane from place to place and observe that 
the divergence of the leaves is constant, indicating that the 
space well inside the can is at the same potential as the can 
itself. 

Again since the poten¬ 
tial in the air space is 
uniform no work is done 
in moving a charge from 
place to place inside the 
can. Hence no electric 
force exists inside a hollow 
charged conductor pro¬ 
vided there is no charged 
body inside. 

Experiment ,— Charged 
body inside a tin can — 

Faraday’s Tee Pail Ex¬ 
periment. 

Suspend a metal ball 
by a long silk thread. 

Connect the insulated can 
V with the electroscope 
by a thin wire (Eig. 44), 
and let the system be 

initially neutral. Charge I'm. 44. 
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tlio ball +vely, .say, and gradually lower it- insidi^ (ho inotal 
vessel. Tlic leaves of the elcH'troseope will show an iM(*roased 
divergence until the ball is well insid<^ llu' (‘am (Mg. 44 (a)). 
Allow the splua’o to touch tbcs can an<l (Ihmi wit hdraw it. 
No change in the divergtniec^ of t.he I<^a.\Hss is nottsl, and further¬ 
more the sphere is complebdy discdiarged (h4g. 44 (/;)). It 
should bo noted that on touching tlu^ can tlu^ | v<^ charges on 

the ball must exactly neutralise tiu^ .v(‘. (4iarg(^ iudiu'CHl on 

the inner surface of the c^an, Lv.. Ihn induevd and induchuj charges 
are equal in magnUiide. Furtluu'more it is eviihuit that to 
completely discharge a conductor it is only n(H*(\ssary to allow 
it to touch the inner suriaco of a (?1 ()S(hI hollow (u>iidu(tor. 




Pk). 45. 


An important result 
arising from th<^, al)ovo 
(^xjHuunumts is that the 
inside of a hollow con¬ 
ductor is screened from 
th(^ (dlbcd/S of external 
helds. Ititeresting aj)pli- 
cations of this fact are 
the (vmploynuuit of tvire 
cages to scree:n> electrical 
appanituH reejuired in 


high voltage testing stations, and the use of metallic coatings 


on the surfaces of wireless valves to minimise t}u!i o(To<t of 


stray fields. 

The above exi)crimcnt lias shown tliat an (doc^triti cdiarge 
resides on the outer surface of a liollow <ton<iu(*4-or, and it may 
now bo verified experimentally that this applic^s also to a solid 
conductor. 


Experiment. —The following experiment is duo to Cavendish, 
but is generally attributed to Biot. 

A and C (Big. 45) are two hemispherical metal caps pro¬ 
vided with insulating handles. The two caps can be fitted 
exactly over a metal sphere B which is suspended by an 
insulating thread. 

Charge the ball B — vely, say, and fit the uncharged caps 
over it. 


The outside of the caps will now show a —-vo charge. 
Carefully remove the caps by pulling thorn aside simultane¬ 
ously, and verify that the sphere B is completely discharged 
and that the charge has passed to A and G. 
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In experimental work, as stated previously, the earth is 
taken to be at zero potential. It is, however, obvious that 
the earth must be continually receiving large accessions of 
electricity, and that it must also be frequently losing charges 
by various means. The capacity of the earth, however, is so 
great that these changes do not appreciably affect its potential, 
so that the latter can be assumed to have a constant zero 
value. The above problem may be likened to the hydro¬ 
static analogy of an ocean of water, whose level (cf. potential) 
will be unaffected by the addition or subtraction of many 
tanks full of hquid (cf. quantity), since the capacity of the 
ocean is so large. As a consequence the heights of bodies on 
the earth’s surface are referred to 
sea-level (cf. zero of electric poten¬ 
tial). This argument suggests a 
point which is of considerable im¬ 
portance. The degree to which a 
body becomes electrified when a 
charge is imparted to it, depends 
not only upon the magnitude of 
the charge but also upon the size 
of the body. 

It is useful to consider, as previously (page 44), a hydrostatic 
analogy of the electrical problem, the hydrostatic head and 
the quantity of water corresponding to electrical potential 
and charge respectively. A and B (Fig. 46) are two vessels 
of the same height, but the cross section of A is greater than 
that of B, i.e. the volume or capacity of A is larger. If now a 
given volume of water is poured into each of these vessels the 
liquid wiU rise to a greater height in B than in A, which has 
the larger capacity. Translated into the terms of the electrical 
case it means that the ^potential (V) of a body when a given 
charge ( Q) is imjparted to it is inversely proportional to the 

capacity ( 0) of the body, i.e. V oc ^ when Q is constant. Again 

if different quantities of water are poured into any one vessel 
the height of the resulting liquid coluimi is directly propor¬ 
tional to the total quantity poured into the container. In the 
electrical sense, therefore, the potential of a body is directly 
proportional to the charge imparted to it, i.e. V x Q when 0 
is constant. Combining the above relations it is evident 
that by suitable choice of units, V=Q/C or C=Q/V, i.e. 



Fig. 46. 
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Capacity — words it sii^nifaNM (hat the capacity 

of a condenser is measured by the ratio of the charge (or quantity) 
received by it, to the potential acquired in respect of this charge. 

If Q=:l o.s.ii. and V— 1 o.s.xi., then 0~^I o.s.u., so that a 
conductor has a capacity of one electrostatic unit if the electro¬ 
static unit of quantity raises its potential by unity. 

The electrostatic unit of capacity is very small in com¬ 
parison with the practical unit known as thc^ I^’ai-ad. 

1 rarad=^9xl0i^ e.s.u. and 1 Micro-farad ([xF)— 10 Farad. 
The micro-forad is the order of the capacity which is most 
frequently used, as the farad is cxccvssively largo when it is 
considered that the capacity of the c^arth itself is only aj)proxi- 
1 . . 

mately ^ of a farad. 

1400 

Another practical unit of capa<aty, or capacitance as it is 
now termed, that is sometimes t‘.m])ioyed in the'- s])(H5ilication 
of condensers is the jar, one jar being (uiual to 1/900 gF. 
approximately. f 

It can be shown that the capacity of a sphere in clectii)- 
static units is equal to its radius in cms. 

Tim Condenser.— It follows from the expression 0=^Q/V 
that if the potential of a conductor is lowered while the 
charge remains constant then its capacity is huu’oased. This 
result may be achieved by tlic introdq(‘.tiotTL of an earthed 
plate into the neighhourhood of the 
conductor. Sxich xxn arraiigcvmcuit of 
conductors which is designed to increase 
the capacity of one of thc'.ni is known 
as a condenser. Iix Fig. 47, A is an ixi- 
sulated -f-vely chxirgod coxxdu(;tor whoso 
potential is measured by the work that 
is necessary to carry unit “| "Vo charge 
from some such point as P up to its 
surface. It is seen that a —ve charge 
wiU he induced on the eartlied con¬ 
nected plate B, which is placed near A, 
^ and the complementary H-vo charge 
goes to earth (or more strictly speaking 
electrons flow from the earth to ncxxtral- 
ise the -fve charge). The work that 
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is now necessary to take unit 4-ve charge from the point P to 
the plate A is diminished owing to the “ neutralising ” effect of 
the induced —ve charge of B on the +ve charge of A. In 
other words the potential of A is diminished but its capacity is 
correspondingly increased, so that a greater charge is necessary 
to raise the potential of A to its former value. 

The condenser shown in Fig. 47 is a form of parallel plate 
condenser, and if A is the area (sq. cms.) of one of the plates, 
and d cms. is the distance between them, then the capacity 
C of the condenser (with air as the insulating medium) is 
given by C=A/47Td electrostatic units. 

Experiment .—Set up a simple condenser as indicated in 
Fig. 47, using two pieces of tin plate each about 8 in. by 
12 in., and two insulating blocks of paraffin wax. The 
plate B is connected to earth and plate A to the cap of an 
electroscope, the case of the latter being earth-connected. 
Charge the plate A and observe the change of deflection of 
the gold leaf, {a) when the plates are moved further apart, 
and (6) when a slab of wax or ebonite is inserted between the 
plates. Interpret your results remembering that Q=CV on 
the usual notation, and that Q in this case is constant. 

The foregoing experiment shows that the capacity of an 
air condenser is increased by using another dielectric such as 
wax or ebonite. The ratio of the capacity of a condenser with a 
given dielectric to the capacity of the same condenser with air 
as the insulating medium, is known as the specific inductive 
capacity (S.I.C.), or the dielectric constant, of the material, 
with respect to air. 

The formula for a parallel plate condenser, in which the 
dielectric is a medium of specific inductive capacity K, is 

, ^ KA 

given by 0= 

Example. —A parallel plate air condenser is constructed of 
two plates, the area of each of which is 100 sq. cms. If the 
distance between the plates is 0*5 cm., what is the capacity 
of the condenser (1) in e.s.u. and (2) in microfarads ? 

What would be the capacity in microfarads if a sheet of 
paraffin wax of S.I.C.=2-3 occupied the space between the 
plates % 
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Now 0= 


~ 15'9 o.s.u. 


A _ 100 

4Kd 47 cx 0'5 
But 1 microfarad ((jlF.)— 9x lO"' e.s.ii. 
15*9 


/. C = 


9 X 10*^ 


=()*000018{jlF. 


Let G\=capacity of the condenser with paralliu wax as 
dielectric. 

Theii^^ =2-3 or Ci=2-3xC==2-3X•0()0018==0 0000414 (rP. 
0 

Choice of Tlio al)ility of the insulating material 

of a condenser to withstand high applied voltages is known 



Fio. 48 (a). 


as its dielectric strength, and is expressed in terms of the volts 
per cm. (or volts per mil.) which will cause the breakdown of 
the dielectric by sparking through it. 

In the case of solid dielectrics mica is sxiperior to paraffin 
paper, etc., but its'high cost restricts its use to the higher 
grade condenser and to values of capacitance of about 1 gB, 
Air has a lower dielectric strength and S.I.C. compared with 
solid and liquid insulators but is free from leakages and 
dielectric hysteresis.* The plates of a standard air condenser 
have necessarily to be separated at certain points by solid 
dielectrics possessing high insulation, and amberoid (formed 

* If an alternating voltage is applied to an insulating material, energy is 
lost dne to dielectric hysteresis, which is analogous to magnetic hysteresis 
(page 97). 
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by compressing amber shavings) is often used for this purpose. 
Compressed air (or carbon dioxide) is employed largely as a 
dielectric for high voltage work, as the dielectric strength of 
the gas increases with pressure, thus permitting condensers 
of a given capacity to be reduced in size. Oil is also used as a 
dielectric. 

COFTDENSEES CONNECTED IN PARALLEL OR IN MULTIPLE 
Arc. —Condensers are said to be connected in parallel or in 
multiple arc when their positive plates are connected to each 
other as are also their earthed plates. 

Let Qi, Qg, Qa and Q 4 be the charges on four condensers 
which are connected in parallel (Fig. 48 (a)) and let C^, Cg, 
C 3 and C 4 be the corresponding capacities. Let Q be the 
total charge, C the joint capacity of the four condensers, and 
let V be the common potential.. Then 

Q ==Qi+Q2+Qs H" Q4 

cV=CiV+C2V+C3V+C4V 

=(0i+C2+C3-fC4)V 

Hence C=Ci~f"Cr 2 "j“C 3 -|-C 4 . 


The argument obviously holds for any number of con¬ 
densers. Hence the capacity of any number of condensers 

which are connected in parallel is 
equal to the smn of the separate 
capacities. 

Condensers Connected in 
Series or in Cascade. —Con¬ 
densers are said to be connected 
in series when the negative plate 
of each is connected to the posi- 
^ tive plate of the next and the 
last negative plate alone is 
earthed. 

Let Cl, C 2 , C 3 and C 4 be the 
capacities of four condensers 
which are connected in series 
(Fig. 48 ( 6 )). If a charge +Q 
is imparted to one plate of the 
~ condenser whose capacity is 
Cl, a charge — Q is induced on 
Fig. 48 ( 6 ). the opposite plate. Since this 
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is connected to a plate of the coiulenscn* whose; (uipacuty is 
C 2 a charge +Q is (loveloped on tliat platen, for, sinct^ the total 
initial charge on these two y)lat(^s wa.s zt^ro, tlu^ tot.a.1 final 
charge nuist bo zero. It follows that th(> foni’ condensers 
must have charges +Q and —Q rosptMdlvc^ly on tluMr plates. 
Let Vj, V 2 , V;j and respectively be the; ])ot(‘ntiaJ dhTerences 
between the j)lates of the eoiulensers whose <ui])a.(;iti('.s are 
0|, Cg, (j.j and C.}. Also let V b<^ tlu^ potcaitial dilTer( 5 n(!o 
between the extreme })lates of thc^. sc:ri(\s, a.iul hd* (J be the 
capacity of the four condensers joiiK'.d in s<‘.rii‘s. 


and. 


Then V 

Q Q 

0 

1 1 

c, 


■V2 I V, 

Q , Q 


or 
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'< 1 * 
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V,, 

Q 
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The ai'gnmcnt must clearly hold for any number of con¬ 
densers. Hence, when condnictors (ire connetied in the. 



reciprocal of the equivalent capacity is equal to the sum of iJic 
reciprocals of the separate capacities. 

It should be carefully noted that those laws for condensers 
are in direct contrast to those holding for rcsistancos (Chap¬ 
ter VI). 

Example. —Show diagrammatically how to connect four 
condensers, each of 0*25 microfarad capacity, so that thoir 
combined capacity is equal to one microfarad. 
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The method of connecting the condensers is shown in 
Fig. 49. Since the capacity of each condenser is J piF., the 
combined capacity when they are connected in parallel 
between A and B is 4 x - 4 - fj-F or 1 piF. 

Types of Condensers. —Two types of parallel plate conden¬ 
sers are constructed, viz. ( 1 ) those which have a fixed capacity, 
and ( 2 ) those which have a variable capacity. 

A convenient type of parallel plate condenser with a fixed 
capacity is shown in Fig. 50. It is usually constructed of 
alternate sheets of tin or copper foil which are separated from 
each other by insulating strips of paraffined paper or mica. 
The odd sheets are joined together and connected to the 
terminal A, while the even sheets are joined to the terminal B. 



Fig. 51. 


Fig. 51 gives a diagrammatic representation of one method 
of connection of a standard 1 jxF. condenser adjustable in 
steps of 0 *05 (jlP. from 0'05 to 1 -05 [xF. T and E are the 
terminals of the apparatus. The dotted lines indicate the 
connections to the capacities below the lid of the box, and 
the student should verify that with the plugs inserted as in 
the figure the combined capacity of the condenser (the separ¬ 
ate condensers being m^paralld) is 0 * 1+0 * 2+0 * 5 = 0-8 ptF. 

The capacity C of a multiple plate condenser such as the 
one described above is given by 
^ KAn 

(j_ — e.s. umts 
4:T:d 


where K=S.I.C. of the insulating medium between the plates. 
A=area of one side of a plate in sq. cms. 

?^=number of spaces between the plates (if N =number 
of plates, then 7 ^=N~ 1 ). 
c?=distance between two successive plates in cms. 


Also C= 


KA?2,x10"^ 
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Exam 2 )hr- (1) in inicrofaradH ((xl^") and (2) in inicro- 
niicro-farads (fxfxF) tho ca])ac*.it.y of a (‘ondtniHnr whxcli lias 
21 plates 2 in. by 1 in. if tho plates arc separated l>y mica 
sheets of thickness ■02 in. of mica—0‘04). 

Tho cajiaeity in micro-farads is givi^n. by tho formula : 

Where K—S.T.C. of medium between the jilates. 
C== —A==area of one side of plate in sq. cms. 
9x4Trr/ ??,=numbor of spaces between tho 

plates. 

d=distaneo bcitwecai two successive 
platens in cms. 

_ 0 •64 X (2 X 2 -54) X (1 X 2 -54) X 20 X 7 x 10 • 

<)X4X22X •02x2-54 
= -003 gF approx. 

1 microfarad=10^' micro-micro-larad ((xgF). 

Hence the capacity in micro-micro-farads is given by 
0=: '003 X10^^ {xgF approx. 

=3000 (x^F. approx. 

The Leyden Jar is an early typo of condenser (Fig. 52) 
in which tho bottom and lower parts of a glass vessel are 
coated on the inside and ontsido with lead or tin foil. A 
brass rod which is fitted in the lid of tho jar carries a knob at 
its top, and has a chain attached to it 
which makes contact with tho inner metallic 
coating. Tho jar may bo charged by moans 
of a Wimshurst Machine. The tendency 
for leakage of charge between tho metal 
coatings is minimised by covering the glass 
surface with shellac varnish. 

An interesting example of a cylindrical 
type of condenser is a power cable in 
which tho central conductor forms tho 
inner plate, and the surrounding con¬ 
ducting sheath forms the outer plate. In 
the case of a submarine telegraph cable 
the ocean itself forms the outer coating, 
and it is due to the time which is required 
for this condenser to be charged up that 
the speed of transmission of signals is 
Tig. 52. retarded. 





rURTHEE ELECTEOSTATIGS 


59 


Variable Condensers.— The ordinary 
type of variable air condenser consists of 
a set of parallel metal plates fixed to an 
axle so that they can move in the air gaps 
between a similar set of plates fixed on an 
insulating framework. In Pig. 53 (a) is 
shown a movable plate M in such a position 
that the shaded area S is covered by the 
fixed plate P, the angle of rotation of the 
spindle being indicated by a pointer. Ac¬ 
cording to the shape of the plates the 
capacity may be made proportional to 
the angular setting (Pig. 53a), or to 
the square of the angular setting (Pig. 53 
(b)); this latter type, known as a Square (b) 

Law Condenser, is used in wireless tuning Fig. 53. 
circuits. 

The capacity of a condenser can also be altered by varying 
the distance between the plates. Strips of insulating mica are 
placed between the plates and the pressure applied to them 
can be varied by means of a screw. In this way the distance 
between the plates can be altered in a continuous manner. 

Electrolytic Condbnsebs depend upon the formation 
of a complex oxide film on the surface of an aluminium plate 




ALUMINIUM METAL 
(POSITIVE PLATE OF 
CONDENSER) 


ALUMINIUM OXIDE FILM 
SATURATED WITH ELECTROLYTE 
(DIELECTRIC OF CONOENSERJ 


ELECTROLYTE 

iHeoatiyc plate or gondehser) 


METAL FOIL OR CONTAINER , 
(CONTACT WITH ELECTROLYTE 



■f 


Fig. 54. 
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which oiihrs a. very hi^h rcsistamu^ io t h(^ pa.ssa.ii;(‘ of a current 
from the him to (h(Hte>lytc, hut a <M)rr<*spou(lin^j^ly low resist¬ 
ance in the opposite dinH^tion. As tlu^ insulating?* him is very 
thin there is a, ]a.ri 4 (^ (tapa.eity (Axist-in^ IxhavtHm tlu^ aluminium 
plate and tlie el(‘.ctrolyt(‘., \vhi(^h thus c.onstitui.(‘s tla^ other 
plate of the condenstuA obvious disadvantage of this 

type of eoudeus(u- is its unsuita.hility for Ahenuiting (Jurront 
work. In Fig. 54 tlu^ (apiivahmt oltHh-rienl (hixuiit of the con¬ 
denser is also shown, the (‘.apa.eity at th(> di<^I<x*t.ric being rc^pro- 


t 



sentod by 0, the effect of power losses (sec^. ibotuoti^ 

in the dielectric by the roBistanco liw, and the ix^sistaiic.o of 

the electrolyte by Kn;. 

Tim WiMSHU'EST Maohine.— It was stated (iarluw in this 
chapter (page 58) that the Leyden rJar can bo charged by 
means of the Wimshurst machine. This machine is named 
after James Wimshurst, its inventor, and the principle on 
which it works is similar to that of the olootrophorus (page 
43). The machine consists of two shellac-coated circailar 
glass plates (Fig. 55), which are mounted close to one another 
on a horizontal spindle and geared so that they can bo made 
to rotate in opposite directions by means of a' handle. Nar¬ 
row radial sectors of brass are fixed at eqxially spaced distances 
on the outer surfaces of the discs. When* the discs revolve 
the sectors are lightly grazed by wire brushes which are 
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fixed at the ends of two earthed conductors. Those con¬ 
ductors are placed at right angles to eacli other on opposite 
sides of the plates. 

The mode of action of the Wimshurst machine is simply 
explained by considering the plates as equivalent to two 
concentric cylinders rotating in opposite directions (Kg. 55). 
ah and cd are the earthed conductors, while and Kg 
are collecting combs respectively connected to the discharging 
knobs and To start the action of the machine 
suppose a small -[-yq charge is given to a sector S on the 
outer disc. As the machine is rotated this charged sector 
will come opposite to a sector at a on the opposing disc, 
which is in contact with a brush connected to the cross con¬ 
ductor ab. By electrostatic induction this sector will acquire 
a ■—ve charge which it will carry away on breaking contact 
with the brush. When this sector comes opposite to a sector d 
on the other plate which is in contact with a brush of the cross¬ 
conductor dCj electrostatic induction will again take place. 
It is evident that the sectors in the upper half of each disc 
are both charged inductively, but that the two sets are of 
opposite sign. These charges are carried towards the col¬ 
lecting combs and Kg, the mode of action of the latter 
being previously considered on page 40 under '' the action of 
points.’’ Further, the charges developed on the sectors in 
the lower halves of the discs are such that the same kind of 
charges approach the same collecting comb as with the 
upper halves of the discs. In this way the potential difference 
between the knobs Dj and Dg will increase until a discharge 
takes place between them, provided, of course, that the knobs 
are sufficiently near to one another. In order that a larger 
quantity of electricity should accumulate before a discharge 
takes place, the knobs are connected to the inner coatings of 
Leyden Jars as represented diagrammatically by 0^ and Cg 
in Kg. 55. In using the machine to charge a conductor the 
discharging knobs are separated and one is preferably con¬ 
nected to earth. The other knob is then placed in electrical 
contact with the conductor to be charged. 

The Measurement oe High Voltages. 

The Spark Oap is the simplest method, and its use depends 
upon the empirical relation existing between any given 
voltage and the length of the air gap across which a spark 
will pass. The unknown voltage is usually applied across the 
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gap between two insulated 
spheres, and one of tlxese is ad¬ 
justed in position until a dis¬ 
charge passes. Voltages up to 
100 kv. or more may be measured 
by this xneans. A 2-mch spark 
in air between 2-inch diaxn. 
polislxod metal balls denotes a 
potential dilTeronco of approxi¬ 
mately 100,000 volts. 

The Eleclroslalic Voltmeter is 
dependent upon the cle(itrostatic 
attraction between two plates 
charged to dilTercmt potentials. 
It consists essentially of an alu¬ 
minium needk^ N,N (Fig. 56), 
mounted so tliat it can swing 
freely in a vertical plane between four lixed brass ('juadra.nts, 
the two in front of the needle (Q^ and Q 2 ) visible 

in the diagram. A small hook h is fixed to the lower end of 
the needle, and by hanging different weights on this hook, the 
gravity control may bo altered to vary tlie range of voltages 
that can be measured. Since the doflecition is proportional 
to the square of the applied potential difference it is in¬ 
dependent of its sign, and 
the instrument may thus bo 
used for A.C. measurements. 

To extend the range of the 
instrument above 10,000 
volts, a device (Fig. 57) 
known as a condenser multi¬ 
plier is used. E is the electro¬ 
static voltmeter and 0^ and * 

Cg are two known capacities 
joined in series across the 
voltage V to be measured. 

It is easily verified that 
V 2 = VCi/(C\ + C 2 ), hence 
V is calculable if V 2 can be 
measured by the voltmeter. Fnx. n?. 
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QUESTIONS. 

1. Describe the eloctroxAiorus and carefully explain the principle of its 
action. (C. & G., 1913.) 

2. An insulated cylindrical conductor is brought near to a positively 
charged sphere without touching it. 

Describe in detail how you would utilise an electroscope to determine 
the condition of the cylinder as to its charge and potential. Give diagrams 
with your explanation. 

What would be the effect of (a) earthing the cylinder momentarily and 
then (b) removing the cylinder from the neighbourhood of the sphere ? 
(U.E.L, SI. 1932.) 

3. Explain what is meant by the “ capacity ” of an insulated conductor. 
What does the value of the capacity of a condenser formed of two parallel 
plates depend upon ? 

Two condensers have a capacity of 4 micro-farads and 6 micro-farads 
respectively. What is the capacity when they are connected (a) in series, 
(&) in parallel? (0. & G., 1931.) 

4. Describe, with sketches, an electrostatic voltmeter, explaining the 
principle on which it acts. (C. & G., 1931.) 

5. Explain the term “ dielectric constant.” What is the efi;ect on the 
capacitance of placing a sheet of mica between two parallel insulated plates ? 
What quantity of electricity will produce a difference of potential of 200 
volts between the plates of a condenser of 5 micro-farads ? Compare the 
capacitances of two condensers, one having two circular plates 4 cm. dia- 
mieter and 1 /2 mm. apart, and the other having two square plates 5 cm. 
each side and 3/4 mm. apart. (C. <fc G., 1935.) 

6. Describe diagrammatically the action of the Wimshurst machine. 
What are the characteristics of a spark discharge and a brush discharge ? 
(0. & G., 1930). 

7. What do you understand by the potential of a body ? Charges of 
3, 4, 5 and ~9 units are placed at A, B, C, and D respectively, the corners of a 
square whose sides are of length d cm. What is the potential at the middle 
point of AB ? Bind also the value of the potential if the surrounding medium 
is glass instead of air. (Dielectric constant of glass = 8*0.) 

8. A parallel plate condenser is constructed of two plates in air the dis¬ 
tance of separation being 0*5 cm. and the area of each plate 62-8 sq. cm. 
Calculate the capacity of the condenser, (i) in electrostatic units and (ii) 
in micro-farads. 

9. Explain why it is generally impossible to store a large amount of 
electricity on a single insulated conductor. 

How is this difficulty overcome in the electrical condenser ? Explain 
the action of the condenser. (U.E.I., Si, 1935.) 

10. Find in micro-farads the capacity of a condenser wliich has 15 plates 
4 cms. by 3 cms., the plates being separated by mica sheets of thickness 
0-05 cms. (Dielectric constant of mica = G*64.) 
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THE ELECTRIC CURRENT 

The Electric Cuekent.~TJio main theme of the previous 
chapter was concerned with electric charges at rest, but it 
was inferred that, when two conductors at diilerent electric 
potentials were joined by a conducting wire, a transfer of 
electricity took place from the condimtor at the higlior to 
that at the lower potentials This movenuuit of electricity 
can be regarded as an electric current passing along the wire, 
but it will continue to flow only as long as a cliiTercmce of 
potential exists between the two condiuitors. In the hydro¬ 
static analogy it is evident (llg. 58 (a)) that a diflerenco of 
hydrostatic head is necessary to cause a flow of liquid along 
the connecting tube from one vessel to the other. Eurther- 
more, just as the mean flow or current of water is measured 
by the volume passing divided by the time of How, so is the 
strength ( 1) of the electric current defined by the qtianlUy ( Q) 
of declricity passing per sec., 

i.e. !=“ ■ where Q is the total quantity of ehictriciiiy passing 

t 

in t secs. 

The practical unit of current (whicih will be delined later in 
the chapter) is called the ampere, after the renowned If'rench 
Professor, Andr6 Ampke (1775-183C) who was a gemius in 
both theory and experiment. The corresponding unit of 
quantity is the coulomb which is the quantity of ekctricMy 
passing when one ampere flows for one second. 

Again a constant potential difference (usually abbreviated 
as P.D.) may be maintained between the ends of a conductor 
by the use of a primary cell, in which the necessary energy 

’ It is conventional to regard the -f vc direction of the cuiT<nit to be from 
the high to tho low potential, hut in a solid couduetor it is only the --.v<'ly 
charged electrons which carry the charge and these move in the opposite 
sense. From a modern aspect therefore tho true curi'eiit or ilow is tho 
passage of electrons from the low to the high potential. 

64 
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is supplied by chemical action. In these circumstances the 
current passing across any section of the conductor will be 
constant provided other physical conditions remain unaltered, 
just as in the hydrostatic case if the difference of pressure 
between the ends of a tube is kept constant, then the volume 
of water passing through any section of the tube is always the 
same, even if the tube is not of uniform bore. 

The question which now arises is with regard to the relation¬ 
ship between the P.D. and the consequent current, and the 
solution was found originally by a German scientist, G. S. 
Ohm. Ohm was born in 1789, the elder son of a Bavarian 
locksmith, and despite his reduced circumstances in early 
life, he managed to obtain a university education. In 1826 
he formulated the generalisation known as Ohm’s Law which 
states that the current through any portion of a given con¬ 
ductor is proportional to the potential difference between its 
ends, provided the temperature and other conditions remain 
constant. The discovery received scant recognition in his 
own country at the time, but its importance was soon recog¬ 
nised by foreign scientists, who included the Englishman, 
Wheatstone. At the time of his death in 1854 Ohm was a 
Professor at Munich University. 

Ohm’s Law is one of the simplest yet most important laws 
in electricity, and its significance will become evident from 
the following consideration: 

If AB represents a wire and the point A on it is at a higher 
potential than the point B, a current whose magnitude de¬ 
pends upon the difference of potential will flow from A to B. 
If this P.D. is doubled the current will also be doubled, and, 
hkewise, if the P.D. is trebled, the current wiU be exactly 
three times as great, it being assumed that the temperature 
and other conditions are constant. 

Hence if I represents the current and V the P.D., then 

Current oc P.D. 
or I oc V 

y 

Therefore for a given conductor -j- a constant. 

This constant is called the resistance (R) of the given con¬ 
ductor and represents the opposition offered to the passage 
of an electric current through it. Since in metallic con¬ 
duction it is only the electrons that move, as even in an 
6 
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electric field the atoms of+vc electricity kec^p tlieir* ])()siti()ns, 
then it follows that tlic rc'sistaiice will correspond to tlie 
“ friction ” between the ekictrons aiid tlu^ atoms of the 
conductor. 

The praetical units of I, V and R arc res])ectively tlie 
ampere, the volt and the ohm, and tluvy an^ so chosen tliat 


I- 


V 

R 


or Amperes- 


Volts 

Ohms 


which is an alternative expression of Olinrs Ijaw. it sliould 
be noted that this law may bo- a-p 2 Jlktd to any portion or to the 
whole of a7i eleofric evreuit. 

The unit of resistance, the ohm, is usiudly denotcTi by <,> 
(omega), and the international standai-d ohm is ckdined as tlio 


1 



(a) ns. (h) 


resistance of a column of mercury I (Hi *3 cm. long, I sq. nun. 
cross-section at the temperature of nudtiiig i(to. A mercury 
column was originally chosen as tlie stan<iard sinec.^ a wire 
resistance is liable to cliatigc with time. 

Electro-motive Force.— Tlie maintenanct^ of a c.urront in an 
electric circuit involves the motion of elccitrons around a 
continuous path and may thus ho (tompai'ed with the hydro¬ 
static case given in Tig. 58 (a). In this e,as(^ a pump P main¬ 
tains a circulation of water through a compk'.te cirtuiit of ])ipe 
line just as a battery or generator E keeps a curremt flowing 
in the electric circuit (Pig. 58 (6)). It is evklmit that when 
the liquid is circulating in the water circuit that the pump 
itself will offer some resistance to the flow in addition to that 
due to the tubes in the external circuit. Similarly in the 
electrical case the current has to flow tlirough the g(uiorator 
as well as through the external resistance. In consecpienco the 
whole of the electrical freasure develojped by the generator or 
battery, and known as the Electro-Motive Eorcc (E.M.F.), is not 
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available for driving the current in the external circuit. 
Hence the P.D. between the terminals of a cell (i.e. terminal 
P.D.) lohen it is delivering a current is less than- the E,M.F. 
(E) of the cell. 

Denoting the resistance of the cell or battery by B and the 
external resistance by P, the current I flowing in the circuit 

IS given by I = .(1) 

But Ohm’s Law is applicable to a portion of the circuit, 
hence if V is the terminal P.D. of the cell when the current I 

V 

is flowing, it is evident that I = . (2) 

Prom (1) and (2) it follows that 

IB=E~IR=E-V 

i.e. the drop of potential in the cell=E.M.P. of the cell (E) 
—external drop of potential (V). 

The electro - motive 
force of a cell is the 
potential difference be¬ 
tween its terminals 
when the cell is on 
open circuit, i.e. when 
no current is flowing 
through *it. 

Example 1.—^What 
potential difference is 
requii'ed to maintain a 
current of ^ ampere 
through a lamp of 420 
ohms resistance ? 

By Ohm’s Law 
V=IR 

=iX420 Fig. 59. 

or V=210 volts. 

Example 2.—A cell has an e.m.f. of 1 *1 volts and a resist¬ 
ance of 2 ohms. Its terminals are connected to a coil of 
resistance 2 -5 ohms. What is the current through the 
circuit and what is the potential difference across the coil ? 

E.M.E. = 1-1 volt (see Eig. 59). 

Total Resistance = 2co + 2*56i = 4-5co. 
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By Ohm’s Law I (current) == -- = - ^ =rr: () -24 ampere. 

Let V be the potential difference across the coil. 

Then V — current through the coil x lesistance of the coil 
= •24x2-5-0 *6 volt. 

Magnetic Field due to a Current. —The discovery that 
there is a magnetic field in the neigliboiuiiood of a wire'which 
carries an electric current, hko many other important dis¬ 
coveries in science, was made accidentally. A relationship 
between magnetic and electric phononuma had long been 
suspected, but no one had been aI)lo to detect it. A Banish 



scientist, Hans Oersted (1777-1851), who was Professor of 
Physics at Copenhagen, one day after a lecture casually 
moved a wire carrying an electric current, oven" a compass 
needle, which happened to be freely suspended in a case on 
the table. The needle was deflected and Oersted found that 
when the current passed in the opposite dircertion through, 
the wire, the deflection was also in the opposite direction. 
Furthermore he discovered that the interposition of substances 
such as stone or glass between the wire and the noodle did 
not in any way affect the action. 

The actual form of the magnetic Hold in the noiglibourhood 
of a straight conductor carrying a current can bo detormined 
as follows: 

Experiment .—Pass a straight conductor M.N (Fig. 60), of 
copper or brass, through the centre of a scpuire piece of card- 
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board and connect the ends of the conductor through a 
reversing key, K, to the terminals of a battery as shown. 
When a current is passing, map out the magnetic field in the 
neighbourhood of MN by means of a compass needle, and 
verify that the lines of force are concentric circles round the 
axis of the conductor. OarefuUy note the direction of the 
field and observe that this direction is also reversed when the 
current in the conductor is reversed. 

The above experiment which is due to Arago should also 
be carried out using iron filings to map the field, but it will 
be found necessary to use much larger currents of the order 
of 7 or 8 amperes. 

The student should verify that the relative directions of 



Fig. Cl. 

the current flow and the resultant magnetic field as observed 
in the above experiment are satisfied by the following rule : 

Imagine a right-handed screw being turned so that it travels 
in the same direction as the current. The direction in which 
the thumb rotates is the direction in which a free north pole is 
urged, i.e. the direction of the lines of force (see Kg, 61). 

The above rule is known as the Corkscrew Buie, and is 
attributed to Clerk Maxwell (1831-1879), an English mathe¬ 
matical physicist who is renowned for his work on electro¬ 
magnetic waves. Further rules are often quoted due to 
Ampere and Fleming respectively, but they are more difficult 
to remember than the corkscrew rule which may be applied 
in aU cases. A useful application of the rule is the determina¬ 
tion of the direction of a current in a wire when the source 
of current is inaccessible. 
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Experime-M .—Place a small compass needle on the table 
and hold at a little distance above it a wire which is set in tlie 
direction of the magnetic meridian and. (connected through a 
key to the terminals of a cell. Complete the circuit and 
observe the direction in which tlie north pole is deflected. 
Reverse the direction of the cnirent and again observe the 
direction in which the north pole is urged. Repeat the 
procedure when the compass needle is held above the wire. 
Tabulate your results as follows : 


Direction in whi(^li th(^ north poh^ in urged when 
tlie wire : 

(I) in above tlie needle. (2) is he/aiv the ruH'dIe. 


Current flowing 
from north to south. 

CuiTont flowing 
from south to north. 

Use the above observa- 
tions to tost tlie corkscrew 
rule (see .Fig. (>2) and to 
deduce the eiToct of placing 
V the ncicdk^ at the centre of 

a re<‘-tangular (^oil carrymg 
a curnmt. 

ifurtlier experinuuits to 
( 52 ^ detcrniinc holds of •l(,)r(to : 

E xpermmU 1. — .B y 
means of a compass needle determine tlie distribution of the 
lines of force in the neighbourhood of two parallel (ionductors 
which convey currents, (a) in the same direction and (6) in 
opposite directions. The distribution of the lines is shown in 
Pigs. 68 and 69. 

Experiment 2.—Pass a circular coil of wire G through a 
sheet of wood or cardboard (Pig. 63 [a)), and proforably 
arrange the coil to be in the magnetic meridian. Connect 
the ends of the coil to a battery and by means of a compass 
needle plot the hnes of force in the neighbourhood of the (ioil, 
when a current passes through it. The distribution of lines 
in the plane of the board is indicated in Pig. (>3 (a), while 
Pig. 63 (6) shows the distribution in various pianos. J:toverso 
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Fig. ()3 {a). 


the direction of the 
current in the coil 
and it will be found 
that the direction of 
the field is reversed. 

Exjperiment 3.— 
Construct a helix (or 
solenoid) by wind¬ 
ing a length of wire 
upon the surface of 
a cylinder, thus 
forming a number 
of loops side by side. 
Adopting a similar 
procedure as before, 



determine the distribution 
of the lines of force in 
the neighbourhood of the 
solenoid when a current is 
a passing. It will be found 
that the lines of force ar- 
range themselves as shown 
in Fig. 64. 

It should be carefully 
noted that a helix through 
which a current is passing, 
acts in everv wav like a 
b 

h _ 

its two ends. These polari¬ 


ties may be deter¬ 
mined by an applica¬ 
tion of the corkscrew 
rule, but are also con¬ 
veniently found by 
the clock rule given 
on page 13. 

In the experiments 
which have just been 
described, evidence 
has been furnished of 
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the c:fTc(*,t of a current, on a inagnoiic needle, and 
also on tlie iron lilings wlu(*.h b(‘.(‘,onu‘. small tem- 
])ora.ry magnets whcai ilu^y are |)Ia(*.(Hl in the 
magnotki lield created by the cairrent. Now 
according to Newton’s '.rhird Law of Motion 
(page !()) to every auction tlnao is an (npial and 
opposites reaction, hence it is Iogi(‘a] to expect 
that a magnet will exert a. for(^(^ oti a (conductor 
carrying a current in its ludghbourhood. This 
fact can easily bo dernonstratcHl. 

Ex^)ermmt 1.—8ns])end a tinedv brass wire G 
from a hook as shown in kig. (>5, so that one 
end. of it dips in nnRxairy c'.ontainxHl in a glass 
tube, while the other (md is comuHtcHl tlirough 
the liook to a .reworsing key atid thence via the 
battery and resistane-o to tlu^ morcniry. A bar- 
magnet is inserted through tim c^ork which closes 
the lower end of the glass tube, so that one of its 
poles protrudes slightly above'- the snrfaeo of the 
mercury. When a current is passed through tlui wire, the 
latter rotates round tlio magnet pole. If the direction of 
the current is reverBod, the direction of rotation is also 
reversed. A cylindrical cobalt-steel magned*- seuwe^s admir¬ 
ably for this experiment wliieh was pcu-lbrmod initially l)y 
Faraday. 

Ex^erimmt 2.—Pass a current through a wire whicdi is 
suspended so that it can move freedy IxdAvocvn thc^ pok^s of an 
excited clcctro-magnet. (If an clcetro-magtu't is noli avail¬ 
able two strong bar-magtiots laid horizontally, with opposite 
poles facing each other 
at a small distance 
apart, may bo eru' 
ployed.) It will bo 
found that tho wire 
tends to be displaced 
in a direction wliich is 
at right angles, both, to 
the direction of the 
magnetic field and to 
the direction in which 
the current flows. / c 
The student should 


■> 


Eig. 0(). 



Si 


Fuj, on. 




THE ELECTRIC CURRENT 


73 


verify that the direction in which the wire is urged in the 
above experiment is that given by applying Fleming’s Left 
Hand Rule, which is as follows : 

Place the thumb and first two fingers of the left hand mutually 
at right angles to each other. If the "First finger points in the 
direction of the lines of Force, and the seCond finger gives the 
direction of the Gurrent, then the thuWb will indicate the direction 
of Motion, i.e. of the resultant force on the conductor. 

If the wire is situated in a uniform magnetic field of strength 
H c.g.s. units and whose direction is at right angles to the 



[a) Fig. 67. (6) 

wire (Fig. 66), then the magnitude of the force is given by 
UH dynes. I is the length of the conductor considered and 
I (c.g.s.) is the value of the current passing (1 amp. =0-1 c.g.s.). 

The effects observed in the last two experiments may be 
explained as the result of the interaction between the main 
magnetic field and that due to the current in the conductor, 
in the following manner. Fig. 67 {a) shows the field due to a 
permanent magnet system (in full lines) and that due to a 
current-carrying conductor (in dotted hnes). Under the 
conditions of Experiment 2 these two fields are superimposed, 
and the form of the resultant field is indicated in Fig. 67 [b). 
The combined effect results in a crowding of the lines of force 
on the left hand side of the conductor, and a weakening of the 
field strength (since the strength of a magnetic field is measured 
by the number of lines of force crossing unit area) on the 
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right hiind side. tlu^ teiHl(‘.uc.y of the linos of 

for(x> to shorten tluunsehn^s will, (‘ausos iho eondnotor to be 
driv(^!i towards thc^ right. 

Mutual Forou biotwukn two Ouh,rmnt41arryijn<} Con- 
--It is ovichait that a (airnnd-oarrying conductor 
in the prcseiUM^ of a s(H‘ond conductor, wliich is also con- 
V(^ying a (uirixuit, is coniparable t.o th(^ (xise of the conductor 



(a) 


) 

(ft) 

Fm. ()S. 




in a magnetic hold which was considered in the pnux^ding 
paragraph. The combined tields due to parallel straight 
conductors are shown in FigvS. 08 and 09, an.d it is easily 
deduced from an inspection of tlujso distributions that 
attraction ensues between parallel eondmitors (if iree to move) 
carrying currents in the same direction, while rcvpulsion occurs 
if the currents arc in opposite directions. These facjts may 
also be inferred by considering the action of the magncitic 
field due to the current in A on the conductor B and hence 
applying the left-hand rule to determine the direction of the 
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resultant force (see Figs. 68 (b) and 69 (b)). The magnitude 
of the effect is very small, but may be considerably enhanced 
if the conductors take the form of coils containing a large 
number of turns. 

Experiment 3. Barlow’s Wheel .—This consists of a star¬ 
shaped copper disc W (Fig. 70), which is mounted on an axle 



(&) 

Fig. 69. 


so that it can rotate between the poles of a horseshoe magnet. 
The metal support of the axle is connected to a terminal on 
the baseboard, and one of the radial points of the disc dips 
into a pool of mercury which is connected to a second terminal. 
When the terminals are joined to a battery a current passes 
through the ‘‘ strip which dips in the mercury, and as a 
portion of it is lying at right angles to the field of a horseshoe 
magnet the strip ’’ experiences a force which carries it out 
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of the mercury. An adjacent “ strip ” is thus brought into 
contact with the merevury and in turn is imnu'diately expelled 
from it, l)y the action of th(^ magnetic Held. As a consoquenco 
of tliesc actions the wheel rocoiv(‘.s a continuous su(*.cession of 
impulses so that it acejuires a rotational motion, ''fhe direc¬ 
tion of this motion can bo foujid by applying Fleming’s Left 



Hand Rule (page 73). If the current is reversed the diroettion 
of the rotation is also reversed. 

Experiment 4.—Suspend a light coil of wire ABOD (Fig. 
71 (a)) by a fine wire S between two closely litting polos 
of a powerful curved magnet (or preferably an electro¬ 
magnet). A current can bo circulated in the coil by con¬ 
necting a battery to the upper end of the suspension and 
to the loose spiral L. When a current passes in the coil 
the latter tends to set itself at right angles to the direction 
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of the magnetic field, the direction of motion being in accord¬ 
ance with Fleming’s Left Hand Rule (page 73). This 
tendency of the coil to embrace the greatest possible number 
of lines of force is resisted by the twist imparted to the 
suspension as the coil turns. The coil will move until the 
controlling torque (or 
couple) due to the 
torsion of the suspen¬ 
sion is equal to the de¬ 
flecting couple exerted 
on the coil by the mag¬ 
netic field. 

The deflection can 
be observed conveni¬ 
ently by means of a 
light pointer attached 
to the suspension, 
and this deflection 
will be found to in¬ 
crease with the cur¬ 
rent flowing through 
the loop. It should 
be noted, however, 
that if the coil was 
suspended quite freely 
it would move 
through 90° inde¬ 
pendently of the 
value of the current 
in the loop. 

As the last experi¬ 
ment is an important [h) 

illustration of the Fig. 71. 

action of certain 

measuring instruments it is necessary to consider briefly 
how the deflecting couple is exerted on the coil. For this 
purpose refer to Fig. 71 (6), which is a plan of the system 
represented in Fig. 71 (a). (It should be noted here 
that the conventional signs for currents coming out and 
going into the paper are respectively (^ and (^O Since the 
horizontal hmbs of the suspended coil lie along the direction 
of the magnetic field (strength H c.g.s. units), the only forces 
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to bo eonaidcTod arc thoH(i on tlu^ vcrtic;a,I nuanborH AD and 
BC (eacli of length I cm.)* dirco.tion of those two forces 
will bo given l)y the left hand rule, and thc^ magnitude F, of 
eitlior, by IH/ dynoB (page 73), vvlun’c^ 1 is the eurrent (in 
e.g.s.) flowing in the coil. It is evident that th(^s(^ forc‘.es will 
prodiuio a couple tending to rotatt^ tlu'! (‘.oil about the axis of 
the sus])(‘iision, and its magnitude will bo given by 
Fx .r (;(: being ccpial to the length A B), 

i.(‘.. IHA, where A is tlu’! a.r(‘.a enelos(Kl l)y tlu^ coil. 

An alternative method of regarding the; dediud-ion of the 
coil is to remember that on the paBsag() of a eurtxuit through, 
the loop, its opposite faces develop r(^spe(d.ively north, and 

south polarity, as gov(vrn('.d 
by tlie clock rule (])age 13). 
(lons(H|U(^ntly, so far as 
magnetics action, is con- 
cenual tlu^ cun'cnt (tarrying 
eoil (uin l)(^ consideiXHl to 
b(^ re])}a(XHl by a short bar- 
magnet, with its axis per- 
pendiendar to the plane of 
the cnil. This bar-magnet 
will o1)vi()UHly bmd to set 
Pic}. 72. along tlu^ lim^s of force, 

i.e. the line of the polos, 
which therefore means that the coil will (uideavour to })Ia(;o 
itself perpendicular to this direction. 

The Stbiongth oe the Field at tmie Centric oi*' a Oirou- 
LAB Coil Gabbyinq a Cubbent.— Lot ABC (Fig. 72) r(^|)rosont 
a circular coil of wire, of radius r, and ciarrying a ciurrcait 
I e.g.s. units. To measure the strength of tlio fiedd HupfioHo a 
magnet polo of strength ni to bo situated at the centre of the 
coil. Now the magnetic field due to this pole in the planer of 
the loop will bo everywhere, normal to the (Jondu<5tor ABC, 
e.g. at B it will act along the radius OB. The magnitude of 
the force due to the pole at a distance r from the centre is 
yYh 

given by (page 20). 

Hence by the rule on page 73 the force on tho conductor 
ABC = lELl = I 27ir (since I = circumference of coil), 
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i.e. 


force: 


271 Im 


and the direction of the force will be perpen¬ 
dicular to the plane of the loop as given by the left hand rule. 
But by Newton’s Third Law of Motion, action and reaction 
are equal and opposite, hence the force exerted on the pole 

at 0 will be = 


It follows that the force on unit pole at 0, which is the 
measure of the field strength due to the current I in the coil, 

. . T 27Tlm . 27 tI _ , 

IS given by— - -m, i.e. dynes, and furthermore this 

force will act normal to the plane of the coil at 0, i.e. along 
its horizontal axis. 

It is obvious that if the coil has n turns the field will be n 

, . , . 271^1 

times as great, i.e. = ^ . 

It follows from the above expression for the intensity of 
the magnetic field at the centre of a circular coil carrying a 
27rl 

current I c.g.s., i.e. F = -—, that if r=l cm. and 1=1 e.g.s. 

unit of current, then r=2Tr dynes. 

Hence the unit current in the electro-magnetic system of 
units is defined as that current which, flowing in a circular 
conductor of unit radius, produces at the centre a magnetic 
field of 27r gauss. 


In practice the E.M.U. of current is found to be incon¬ 
veniently large and a smaller unit, called the ampere, is taken 
as the practical unit of current, such that 

1 E.M.XI. of current == 10 amperes. 


QUESTIONS. 

J. State Ohm^s Law. Determine what potential difference is required 
to light a lamp of resistance 110 ohms which takes a current of 0*5 ampere. 

2. State the Corkscrew Rule for determining the direction of the electric 
current flowing in a wire. Give an account of an experiment which illu¬ 
strates it. 

3. Describe an experiment which shows that a magnet exerts a force on 
a current-carrying conductor in its neighbourhood. 

4. A long wire, through which a current can be sent is placed in a North 
and South direction. A small magnetic needle is placed a short distance 
below the wire. In what direction will the needle be deflected when a 
current is passed through the wire from south to north ? What will be 
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tiu*. olTcct oil tlio inagriii iKU' n,u<l <lir(M‘{ion of t.ho ion of: [ti] rovoming 

thc! curnnit, {h) iiu'imsiiit!; tlu*. curnnit., (c) Hubrit itutiiig aiio(h<*r uiagucitio 
ncedlo of exactly tlio sanu’: si/.(‘, but wii.li poles of ,ii;r<*at<‘r st rengt h, mid (d) 
jilaeing the inagnetie iKHxile above instivid of b(*lo\v tlu' win' ? 

You sliould assume that, tlu': needle lias hail timi> to com<> to ri'st in each 
ease. (C. & tb, IDid).) 

r>. .Describe and (‘xplain tlie atdioii of Ihirlow's Whei'I. 

(). .Deserih('. and I'xplaiii what luiiipeus wlu'u an {‘h'ctrie eurriuit. is passed 
through a loo}) of win* which is suspi'iuh'd by a. torsion libn* so t hat it hangs 
freely between the poles of a jiowt'rful magnet. 



CHAPTER V 


MAGNETIC MEASUREMENTS 

Magnetic Moment.— It has been seen that if a magnet is 
pivoted so that it can oscillate freely in a horizontal plane it 
wiU come to rest with its axis in the magnetic meridian. 
Consider the case of a magnet that is deflected out of the 


H 



meridian (Fig. 73). Let m be the pole strength of the magnet, 
21 the distance between the poles, and H the uniform magnetic 
intensity due to the earth’s field acting in the horizontal 
plane in which the magnet rests. It is evident that the 
magnet is acted upon by a restoring couple which urges it 
back into the meridian. 

The moment of this restoring couple 

=m .Hx^i 
. Hx2Z sin 0 
=2 ml. xH sin 0 
81 


7 
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If and H is unity, t-lien sinco sin 1)0®:: ], tlu^ mstor- 

ing conpio is equal to 2 ml. lleiu'c’: in oixler to maintain a 
magnet perpendicular to a. Held of unit intcMisity a eoujde 
must be applied equal in magnitude^ to tlu'^ ])r()duet of the 
pole strength {w) and the distances (2/) ladavcHui the ]K)les. 
This product is called the Magnetic Moment of i.lu^ mag]iet, 
and is usually denoted by M‘. 

i.o. M===mx2/-21m. 

(The length between the pohis is taloui as 2/ for ('onvonieueo 
in further mathematical analysis of magn(d-i(‘- problems. It 
shoxild also bo noted that north and south poles n-rc^^ considered 
as 4"Ve and —ve respectively.) 

The Magnetic Moment of a magnet is numerically equal to 
the moment of the couple acting on it when it is held perpen¬ 
dicular to a uniform field of unit intensity. 



Pkj. 74. 


Dktkemination 01^ Tirn Intknsitv oi<’ 'I'un MA<mryric 
r.TJ2Ln DU30 TO A BaE-MaCJNET (^ITUATUI) IN Allt). 

(1) A t a point on Ae axis prodiiml of the nimpivL .(Consider 

any point P on the axis produc.ed of the magtudi SN (Pig. 74) 
and at a distances d from the ('cntrc of the magnet. 
pole strength and 2?=:: distanc^e b<itw(K^n tlu^ poles of the 
magnet. 

To measure the magnitude of the magned ic held at P duo 
to the bar-magnet, a unit north polo is supposc^d to bo placed 
at that point. 

Then the force on this unit polcj duci to thes nortli polo of 


the magnet is by a previous result (page 20) 
the direction OP (a repulsive force). 


_ m 


dyiK^s in 


Similarly the force on unit pole at P ducj to south pole of 


^ m 

magnot= 

force). 


dynes in the direction P() (an attrac^tive 
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Resultant Force (a repulsion) in the direction OP 
___ m m 4 mid 


dynes 


■ [d-l) {d-\-lY (#~Z2)2 

But the Magnetic Moment (M) of the magnet=2 mZ. 

Intensity of magnetic field at P= gauss. 


This expression may be written as 


(d2-Z2)2 

2M 

d^il -' 


2 and it is 


easily seen that if Z is small compared with then ¥ is 
negligible in comparison with and the expression reduces to 

the approximate form gauss. 

The error involved by using the approximate formula should 
be calculated by the student for various values of Z /d. 

Note. —In this position the magnet is said to be end-on 
to the point P. 

(2) At a point in the equatorial plane of a magnet .—Referring 
to Fig. 75 and using the notation of the previous case. 

The force on unit north pole placed at P 
(a) due to north pole of 
magnet 

m m , 

in the direction 'PW (a re¬ 
pulsion) 

and (b) due to south pole of 
magnet 

m m , 

~ (SPTa~(^^)' 

the direction PS^ (an attrac¬ 
tion). 

If PN^ and PS^ are drawn 
to represent these forces on 
a particular scale, then their 
resultant force {E) will be 
given by the diagonal PR 
of the parallelogram. Since 
PNi = PSi, then PR is 



Pig. 75. 
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parallel to SN, and it follows that 




!X 


m 


cos 0 = 


mi 


SO 

m' 


2ml 

M. 


or Intensity of Magnetic Fidel at I? is 

a direction parallel to the axis of the ina.guct. 

The expression may be written alternatively as 
M 


r, dynes 




gauss, whence it is evident that if P is small 

compared with dP the expression reduces to gauss. 

Note .—In this position tlie niagnet is said to be broa dside- 
ON to the point P. 



Two straight lines AB and BC of lengths 40 
and 50 ems, respectively are drawn on a ta})]o perpendicular 
to each other. Two short bar-magnots, X and Y, of magnetic 
moments 50 and 150, are placed along tlioso linos with their 
centres at A and 0 respectively. Determine the intensity of 
the combined field at B (Pig. 76). 

Force on unit north pole at B due to X is 
2M 2x50 1 
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Similarly force on unit north pole at B due to Y is 




2x160 3 , 

50» ~ 1250 


By the p arallelogr am of forces the resultant force R is given 
by R = 'v/Px^+Py^ =0-00286 dyne. 

Hence the intensity of the combined field at B is 0 -00286 gauss. 

The student should carefully note that the magnitude of 
the resultant intensity wiU be unchanged if either magnet is 
reversed pole for pole. 


N 



Graphical Method of Determining the Field 
Strength at any Point in the Neighbourhood of a Bar- 
Magnet. —Keferring to Fig. 77 it is required to find the 
intensity of the magnetic field at any point P in the neigh¬ 
bourhood of the bar-magnet SN. 

The following data is given : 

SN=4 cms., NP=:7 cms. and SP=9 cms. m—20 unit poles. 
Then force on unit north pole at P due to the north pole of 
20 

magnet is dynes in direction TW and the force on unit north 
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20 

pole at P duo to south pole of magnet is dynes in direction 
PSh 

To ol)tain the resultant of these for(‘es iit mark olf a dis- 

20 

tance PN^ ^-a chosen unit of length, i.e. il: dynes isrr^l nnit 

of langtli. 20 

20 81 . 49 

Then dy^^-^ will be - 7 - i.e. units of hvngth, 

81 20 M ^ 

49 


Hence niarlc oi! a distance 


49 

81 


units of length. 


Gomplote the parallelogram and measure PR, which, gives 
the dinxtion and magnitud(i (^lecording to the sctalo chosen) 
of the residtant magnetic force at P. 

By measurement, Pit—-531 unit of length. But I unit of 

20 

length is equivalent to a force of <lynes. 

Hence Resultant Force at P is 
00 

X ‘531 dynes per unit polo — 0*215 di/nes per unit ^pole. 

i.e. Intensity of Magnetic Field at P duo 
to bar-magnet is 0*215 gauss. 

By measurement with a protractor 
the direction of the liold at P makers 
an angle of 103° with the direction of 

.Ti¬ 
the magnetic axis SN of the bar- 
magnet. 

Terbi5STbtal Magnetism. — Earlier 
in this book it was indicatcid tliat tlio 
magnetic meridian did not exactly coin¬ 
cide with the geographical meridian. 
The angle 0 ( Pig. 78) between the planes 
of the geographical (shaded in figure) 
^ and magnetic meridians at any place on 
the earth’s surface is defined as the 
Declination at that place. The angle of 
declination varies considerably over the 
earth’s surface. In London, for ex¬ 
ample, it is 11° 40' west of geographical 
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north, while in Cahfornia it is about 20° east of geographical 
north. At some places the declination is zero, which means 
that the two meridians are coincident. 

Suppose now that a balanced needle (i.e. a needle pivoted 
at its centre of gravity) is carefully magnetised and pivoted 
so that it can oscillate freely in a vertical plane, in fact an 
instrument which is known as a Dip Needle or Dip Oircle. 
Furthermore, if this vertical plane is made coincident with 



the magnetic meridian it will be noted that the needle comes 
to rest with its axis at an angle to the horizontal. This angle 
((delta) in Fig. 78) is called the angle of dip or the inclination 
at the place of observation. 

The angle that the axis of a magnetic needle (free to oscillate 
in a vertical plane) makes with the horizontal at any place, 
when the plane of the needle is in the magnetic meridian, is 
called the inclination or angle of dip at that place. 

The value of the dip in London at the present time is 
66 ° 4F, the north pole of the needle pointing downwards, 
but at places near the equator it is zero while in the southern 
hemisphere the south pole dips downwards. 
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Sir William Cill)crt, one of Queen Eliza!])liysieians, 
in 1()00 suggested that the explanation of the above facts 
was consistent with tlie postulate that tlie cartli itself formed a 
large magnet. The general (iharaetca-istics of the cnirtlf s mag¬ 
netic field may bo realised approximately by assuming a large 
magnet to be situated near the centre of the earth, and in¬ 
clined at an angle of aj)})roximatcly 15° to its geographical axis 
(Fig. 79). The al)ovo model does not t‘nai)le the irregularities 
of the (‘artlfs magnetism to be explained, but it is very 
useful as indicating the variation of magnetic di]) over the 
earth's surface. Tlie arrowheads in Fig. 79 indicate the 
directions that w^ould be assumed !)y the north polo of a dip 
needle when placed at various points on the earth's surface. 
It is evident that the angle of dip is zero at the magnetic 
equator, and increases to 90° as the north and south magnetic 
poles are approached. The position of the north, magnetic 
pole was discovered by Sir James Eoss in 1891 near Borthia 
Felix in British North America, while the soutli magnetic 
polo was located during Sir Ernest Shackloton’s expedition 
in 1909. 


The direction assumed by a dip noodle ai) any place when 
Ike plane of the needle is in the niagneUc mendiam,, gives the 
direction of the resultant or total intensity (1) of the earth's 
magnetic field at tha.t place. In h'ig. 80 (also .Fig. 7«Sj, S denotes 
the angle of dip and li and V the horizontal and vcu'tical 
components of tlu^ earth's field re¬ 



spectively. It is evident that tlui follow¬ 
ing relations hold : cos B = ■: II/I, tan B 
=:V/H and I=-I 

Example,—If the value of H at a 
certain place is 0 *195 gauss and the angle 
of dip is 62°, find the value of tlio vortical 
component (a) graphically, and (b) by 
calculation. Use your result to deter¬ 
mine the total intensity (I) at the given 
place (tan 62°==1-881). 

(a) Oraphicalkj.—Dmw AH (Fig. 80) a 
certain length to represent the earth’s 
horizontal component (H) and suppose 
the scale is chosen so that .1 in. represents 
0-100 gauss, then AII=l-95 in. Next 


draw a line AI making an angle $=62° 


JT'ig, 80 , 




MAGNETIC MEASFBEMENTS 


89 


with AH and meeting a line perpendicular to AH at I. Com¬ 
plete the rectangle by drawing IV parallel to HA and AV 
parallel to HI. 

Measure AV which represents the value of the vertical 
component (V) on the scale chosen. By measurement AV= 
3*68 in. and .•.V=0*368 gauss. 

( 6 ) By calculation. —If S is the angle of dip then tan 8 = 
V/H, i.e. V=H 

tan 3=0*195 X tan 62°=0*195 x I *881=0*367 gauss. 

To determine the value of I the relation I=a/V^+H^ is 
employed, hence I=V0 *367^+0 *1952=0 *415 gauss. 

The horizontal component H is clearly of great importance 
in practice, for this is the force to -which magnets are subjected 
when they are suspended or pivoted so that they lie in a 
horizontal plane. As in the case of the angle of dip the value 
of H varies from place to place and its value at any place 
varies with time. In London at the present time H=0T85 
c.g.s., V=0'430 c.g.s., and 1=0'468 c.g.s. 

H, V, I, 3 and D are known as the magnetic elements of the 
earth’s field and three of these magnitudes, one of which must 
be D, are necessary to specify completely the earth’s mag¬ 
netic field at any place. In nautical and geographical work 
the values of H, 3 and D are usually recorded. Magnetic 
maps are drawn in which places on the earth’s surface having 
the same value for the magnetic elements are joined together 
by lines. Isogonals are fines joining places of equal declina¬ 
tion, isoclinals connect places of equal dip and isodynamic 
fines join places of equal horizontal force. 

An exact knowledge of the declination at any place and 
time is of the utmost importance to navigators, and charts 
can be prepared for their use as fortunately the change of 
declination with time is quite regular, and may be estimated 
accurately beforehand. By way of interest it may be men¬ 
tioned that the daily changes of declination are found to be a 
maximum when the sun-spots are most prominent. 

The Mariner’s Compass enables the navigator to determine 
the magnetic meridian at the place of observation, so that by 
the use of the declination chart he is able to locate his position. 
The form of compass which is most widely employed to-day 
is that due to Lord Kelvin. It consists essentially of a 
number of light magnetic needles which are fixed to the 
underside of a circular card. This card, which has the 
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thirty-two points of the compass marked upon, it, is made 
of some light non-magnotic material, such as aluminium or 
mica. It is pivoted at its centre so that it can rotate easily, 
and in modern instruments the “ (^a^nT’ is immersed in a 
liquid, usually methylated spirits, contained in, a copptu* bowl. 
This arrangement has the dual advantages of diminishiug the 
pressure on the support, and kee{)ing tlu^ ciard ” from oscil¬ 
lating excessively. By using a '■' ladchu*forma,tion of some 
eight light needles Kelvin onhanc-ed tin’s magnedde moment 
of the system without unduly increasing the vvoiglit, and thus 
increased the sensitivity of the instrument. 

Epfrct of the Ship's Maone'lusm. -The magm^tising 
action of the earth’s field, to which rclerenco has been made, 
obviously introduces complications in the ust^ of tlu^ cjompass 
in a steel ship. The latter acquires pcuanaiKuit magnetism 
during the proc3css of construction, a.nd, in addition to this, 
it also hecomes temporarily magncdviscHl in a- maTuier which 
varies with the position and direction of the ship. The 
errors which would bo introduccid in the conijiass nuulings, 
both by the temporary and permanent .magnetisation, are 
eliminated by placung soft iron spberes and permanent mag¬ 
nets in appropriate places in the ncigbbourboofl of tlie compass. 

Magnetic M.eas ukements 

(a) Mafffiel osoillat/ing in a %vmj(>mi magnafic^ field. —(Jon- 
sider a suspended magnet which lias b(uvn dcHo(^t(Hl through 
an angle 0 from its position of I'cst NH in a uniform liorkontai 
magnetic field of intensity H gauss. On the removal of the 
deflecting force tlio magnet will bo a,ctcd upon by tlu^ restor¬ 
ing couple duo to the magnetic field (page 81), and will return 
towards its position of rest, but in consoquonco of its kinetic 
energy will overshoot this mark. The magnet will (‘.ontinue 
its motion until it reaches a position whi(ih makes an angle 
with NS nearly equal to 0, w.hon it will again ciommencc', to 
return towards its “ zero.” This oscillatory movement of the 
magnet will continue, but the amplitude of vibration (defined 
by the angle of deflection 0) will become smaller and smaller. 
It is important to note, however, that the period of the vibra¬ 
tion, i.e. the time required to perform a back arid fro move¬ 


ment, remains constant and is given by ^=27u 


secs. 


where I=moment of inertia (in e.g.s.) of the magnet about 
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the axis of the suspension and M=magnetic moment of the 
magnet. 

In performing experiments with oscillating magnets, it is 
important that the magnets should be protected from draughts 
during the time that observations are made. For this 
purpose a wooden box provided with sliding glass doors in 
the back and front is usually employed. 

To COMPABE THE StEENGTHS OE MAGNETIC FIELDS. —If a 
magnet is allowed to oscillate freely in two fields of strength, 
Hi and Hg, then using the previous notation 


==2t 


and ^ 2 = 2 ti 


x/mh; 


Hence -- 

^ 9 . 



where and are the respective periods. 

Now if n is the number of complete vibrations performed 
in 1 sec., then ^==l/?^, i.e. the period is inversely proportional 
to the frequency {%), and it follows that where 

9 ^l and are the frequencies corresponding to and 
respectively. 

Consequently ^ or = —- 


Since the period of vibration of the usual laboratory magnet 
is quite long it is more convenient to let and represent 
the number of vibrations per minute. 

A small length of magnetised knitting needle suspended in a 
beaker is a simple form of vibration magnetometer^ suitable for 
finding the variation of field strength at different parts of a 
room or building. 

To COMPAEE THE MAGNETIC MOMENTS OF TWO MaGNETS. 
Experiment. —(1) The moments of inertia of the magnets are 
equal. 

Oscillate each magnet in turn in the same magnetic field and 
find their respective periods t-^ and t^. 

or Mg/Ml=^ iV#22 

(2) The moments of inertia of the magnets are unequal. 
Take a cylindrical and a rectangular bar-magnet and fix 
them in a cork (Fig. 81) which is suspended in an oscillation 
box. 
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Determine tlie period of vibration of tlio system when 
(a) the like poles of the magnets are togotlior (])eriod / j, say) 
and (b) the unlike poles ai'o together (period /o, say). 


Then t, ^2n 


(Mi+m:o)h 
It follows that 
or 


and /o = 2 tc 


I 




It should ho not(;d tliat in these two cases the simi of tlie 
separate moments of inertia is constant. 

Examiph .—Compare the field strengths at two places A 
and B if the same magnet performs 50 oscvillations in 25 


c 

Eic. 81 . 



seconds at A and the same number of oscillations in 35 seconds 
at B. 

Let rii and be the frequencies, and II| and Hg the corres¬ 
ponding field strengths at A and B respectively. 

Then ni=50/25=:2 and ??.2==~'50/35.-=:10/7. 

/.//^/J4===nlVn22==2V(10/7)2.- 

J57.Tamjr?k^.—A x^ectangular bar-magnet is 10 cms. long and 
2 cms. broad and weighs 40 grams. When the magnet is 
suspended so that it swings in a horizontal piano in a field 
.whose strength is 0’2 gauss, it performs 10 oscillations in 
3*5 minutes. Calculate the magnetic moment of the magnet, 

/T" 47121 


JSTow t •■= 27r 
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. XT fl^+b^\ 

Eor a bar-magnet I=m - and 


12 / 

cms .5 b=2 cms. and m=40 grams. 
/102+22n 1040 

' “~Y5—) = "3~ ^ 

47r2xl040 


3*5x60 
10 ' 


=21 secs. 


Hence M = 


= 155*3 c.g.s. 


2PxO*2x3 

The Tangent Law. 

Let ns (Fig. 82) be a short magnetic needle which is freely 
suspended and with its axis in the magnetic meridian. If a 
bar - magnet whose 
axis is east and west 
is placed on its 
western side with the 
north pole of the 
magnet pointing to¬ 
wards the needle, the 
latter will be de¬ 
flected into some such 
position as ns. Sup¬ 
pose that it is de¬ 
flected through an 
angle 0. Let the in¬ 
tensity of the deflect¬ 
ing force be P. Then, if m is the pole-strength of the needle, 
the force acting on each pole is mF. The moment of the 
deflecting force acting on the needle is thus 
=2mPxOE 
=mFx2Z cos 0 



Fig. 82. 


where 21 is the length of the magnet. 

If H is the horizontal component of the earth’s magnetic 
field, the moment of the restoring force acting on the needle 
due to the earth’s field is 2m KxnB, i.e. ??^Hx2Z sin 6. 

When the needle is in equilibrium the moment of the 
deflecting force is equal to the moment of the restoring force, 
i.e. mPx2Z cos 0==mHx2Z sin 6 
or F=H tan 0. 

Now H is constant, hence tan 0 is oc F, 
i.e. the tangent of the angle of deflection is proportional to the 
deflecting force. 
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The Tangent Magnetometer consists of a sliort magnetic 
needle pivoted or suspended at the ecHitre of a circular scale, 
which is situated in a box provided with a glass cover, A long 
light aluminiiim pointer is fixed at right angles to the needle 
at its centre, and the ends of the pointer ti’avol over a circular 
scale when the magnet is deflected. The distance of a 
deflecting magnet or polo from the centre of tlie pivoted 
magnet is read on. a graduated scale. 

To verify the I-iiverse Sguare Law. 

Experiment .—The magnetometer is first s<d so that its 
arms point oast and west. A j’^.ol)ison ba.ll-ended magnet is 
then held vertically in a wooden stand and allowc^d to rest 
on one of the arms with its pole at a known distaiKte from the 
centre of the scale. The elTect of the upper poki on the 
needle, although quite small with a long magnxvt, may be 
completely eliminated by arranging so that it is situated 
vertically above tlio centre of the n<.HKlle, an adjustment 
which is lacilitated by the use of a plumb lino. 'Lot the 
strength of the deflecting pole be m, and its distances from the 
centre of the needle be d. Then provicU^l the noodle is 
sufficiently small, the intensity of the field at the poles of the 
needle is m/d^, according to the Inverses Square ijaw. Hence 
by the tangent law this deflecting force is proportional to the 

tangent of the angle of deflection, i.c. cc tan 0, or m cx: 

tan 0. But m is a constant and hcnco d'^ tan 0 should bo a 
constant if the Inverse Square Law is true. Tabulate your 
results as below, taking care to nuid both (uids of the 
pointer. 


. 

d cms. 


Headings for f/" 

I ir 

tiui 0 I d^ tan f) 



1 

1 

1 

1 

i 

! 1 

1 


The student should also verify that a plot of against 
tan 0 yields a straight line. 
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To Compare the Magnetic Moments of two Magnets, 
BY Means of the Magnetometer. 

Ex‘periment .—Set up the magnetometer with its rule run¬ 
ning east and west, and place one of the magnets with its 
axis parallel to this direction and its centre distant d frorn the 
needle. Then using the previous notation (page 83) the 
deflecting force is and if is the deflection 


produced, 


m^d 


: H tan 


( 1 ) 


{d^~h-\ 

Repeat the observation's for the second magnet placed at 
the same distance from the needle. 


Then tan Og . . (2) 

From (1) and (2) it follows that 

M| __ [d^—l-^) tan Oj 
Mg {d^—l^) tan Og 

Use this method to compare the moments of the same 
magnets as used in the vibration experiment. 

Magnetic Induction. —In a magnetised specimen of iron, 
steel or other magnetic substance the intensity of magnetisa¬ 
tion (I) is defined as the pole strength per unit area of cross 
section. 

Thus for any uniformly magnetised body it follows that 
j _ Magnetic Pole Strength __ m 
~~ Area of Cross Section 


and hence also I 


mxl 
' ax t 


M 

V 


Magnetic Moment 
Volume 


Now a pole of strength m radiates lines of force (page 
20) and hence the number of lines of force per unit area of 

cross-section will be or 47 tI, where I is the intensity of 

magnetisation. 

Suppose a rod of iron or steel is placed in a magnetising 
field of strength H, and let the intensity of the induced magne¬ 
tisation in the metal be I. Then there will be correspondingly 
47 iI lines of force per sq. cm. of cross-section in addition to 
the H fines of force per sq. cm. due to the field alone, i.e. 
Total Magnetic Induction (E) =Magnetising Field (H) + 
Induced Field (47rl) or B=H+47r 1. 
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The permeability (ii) of the material is defined by the ratio 
B/H and the susceptibility (x) by the ratio I/H. 

The permeability (jl varies with the strengtli H of the 
magnetising field, as becomes evident from the shape of the 
B—'H curve (Fig. 83) for a specimen of iron or steel. The 
method of obtaining this curve can be described only briefly 
here. The specimen \inder test is placed in a solenoid, and a 
gradually increasing current is passed through, the windings 
so that the specimen becomes magnetised. From the deflec¬ 
tion of a magnetometer 
situated neax one end of 
tlie solenoid, together 
with other ascertainable 
data, the total magnetic 
induction may bo calcu'- 
lat(id. 

On inspection of Fig. 
83 it is evident that for 
small values of Ii the 
^ magnetic} induction B 
increases slowly, as 
shown by of the 
curve. From a to 6 the 
induction increases very 
rapidly, but when H has 
atiiainod a certain value, 
tli{} curve gradually be¬ 
comes a straight lino (he 
Piu. s,‘L in figure) slightly in* 

clinod to the axis of H. 
This last stage of the curve represents the condition of 
magnetic saturation of the iron, and serves as an elloctivo 
illustration of the molecular theory of magnetism (page^ 11). 

In the above experiment after the vspecimen lias become 
saturated, suppose that (1) the current is gradually reduced 
until its value is zero, (2) it is reversed and its value increased 
until the saturation stage is again reached, (3) it is diminished 
to zero, and (4) the current is again reversed and. gradually 
increased until the specimen is saturated. The curve (Fig. 
83) obtained by plotting various corresponding values of 
B and H represents a cycle of magnetisation for the specimen, 
and it shows that the magnetic induction laffs behind the 
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magnetising force. On this latter account the curve is 
generally known as a hysteresis loop hysteresis ” being 
derived from a Greek word which means '' to lag behind ”). 
The area of this loop is a measure of the work done in carrying 
out the cycle of magnetisation, and this energy is dissipated 
as heat, being greater per unit volume in the case of steel 
than for soft iron. Consequently, in electrical machinery, 
the parts that are subjected to rapid reversals of current are 
usually made of iron to reduce the heating effect. 

Referring to Fig. 83 it is seen that when the magnetising 
force is reduced to zero, after saturation has first been reached, 
the residual magnetic induction or remanent magnetism is 
represented by OK. Further, a reversing field of value Om 
has to be applied before the magnetic induction becomes 
zero. This value of field strength Om is called the coercive 
force for the particular substance. 

In recent years a number of alloys have been discovered 
which have a greater coercive force than ordinary steel, e.g. 
cobalt steel which is employed in permanent magnet moving- 
coil loud speakers. On the other hand nickel alloys are 
employed when low hysteresis and high permeability are 
required, such as in the construction of transformers. 

Magnetic Classification of Substances. —In 1845, 
Faraday, by using powerful electro-magnets, showed that all 
bodies are susceptible to magnetic influence, but that they 
do not all behave alike under this influence. He showed 
further that substances can be divided into three classes 
according to their magnetic characteristics, viz. (1) ferro¬ 
magnetic substances, (2) paramagnetic substances, and (3) 
diamagnetic substances. 

(1) Ferromagnetic Substances. —Iron, steel, cobalt, nickel 
and certain alloys belong to this class. If these substances 
are placed in a magnetic field they set themselves with their 
axes in the direction of the field, i.e. they tend to move from 
weaker ^arts of the field to stronger parts. 

(2) Paramagnetic Substances .—^These include the metals 
platinum and osmium. Oxygen gas is also a paramagnetic 
substance. These substances behave like ferromagnetic sub¬ 
stances except that they become much more feebly magne¬ 
tised than the latter. 

(3) Diamagnetic Substances .—Examples of diamagnetic 
substances are bismuth, mercury, zinc and lead. These 
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substances arc repelled by a ina-gnet. If a diamagnetic 
substance is suspended in a magnetic field it tends to set 
itself perpendicular to the field, i.e. it tends to move from the 
stronger to the iveaker parts of the field. 

EXERCISES. 

1. State brief iy \vha,t the letters H, V, and I signify, as used in connoetion 
with terrestrial magnetism. Draw a figures of three lines showing the 
application of those letters to the three linens i»r the figun^ 'J’ho linos should 
ho drawn, as regards direction, in theur ])n)ptn‘ n^lationshii) to (uxch other, 
when (ionsidered as reju’csenting magneLii; forc<‘H. Tlio figure should bo 
drawn upon the assumption that the north and south geographical poles 
are, respcctivofy, points at the centres of tfie top and boftom tulges of a page 
of your examination paper. Connect tlu^se two })oints by a, straight lino. 
Show in their pro])er places, the angles of <JecIination and inclination (dip), 
and their approximstoly correct values, in degrees, for this present year at 
Greenwich. (C. & 0., Ih^d.) 

2. Ex])lam briefly the terms (a) M'agnetui IVhn'idifin, (6) Dip and (c) 
Declination. 

Doscribo an experiment by which tho values of the horizontal intensity 
of tho earth’s field at two difToront points may Ix^ compared. (U.D.I., 

SI, .urn.) 

2. If a magnet makes 12 com|)leto viljrations in fio scuionds at a place 
wlioro tho field stirengtli is 0*2 gauss, find its period at a, phuu’i where tho 
strength of tlio field is CvlT) gauss. 

4. Define tho magnetic juoment of a mag!\et. 

A magnet of mass 2d gins, is Id cms. long and I cm. broad. If it is sot 
oscillating in a field of strength 0*17 gauss it performs 20 osidllations in 
2 minutes, irind tlic magnetic monumt of tho magmd.. (Por a har^magnefc 

I = ^ (1‘^ + where m is tlio mass, I tiui length and b tho breadth of tho 

magnet rospootivoly.) 

5. Describe the Tangent Magnetonudxw. How may it h(» uscul to verify 
tho Inverse Square Law in Magnetism V 

(). What do you understand by the terms Intensity of Mxignetisation, 
Permeability, and vSnst^eptibility V 

7. The current through tho coils of an oloctro-magnof, is made to rise gradu¬ 
ally from nothing to, say, 10 amps. Draw a curve to show tho manner 
in which the magnetic, flux (symbol B) through tlu^ iron changes, as the 
magnetising field (symbol == H) due to tho current increases. Explain 
tho reasons for tho curve assuming tho form tliat you show. Indicate on 
tho curve the point of saturation of tho iron, giving your reasons. (0. & 
G., 1925.) 

8. Doscribo tho ofToct known as hysteresis obtained when iron is carried 
through a cycle of magnetisation. 

Why is tins effect undesirable in tho armature core of a dynamo ? 
(U.L.C.I., B, 1925.) 
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9. Explain briefly the meaning of “ permeability.” Two similar circular 
rings of soft iron are magnetised, the first by being placed betweeia the poles 
of a strong horseshoe magnet, so that a diameter of the ring is in line with 
the poles of the magnet, the second by means of a coil of wire wound on 
the ring through which a strong current flows from a battery. 

Show in each case, by means of sketches, the lines of magnetic force 
around the ring. (C. & G., 1931.) 
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Resistances in Series.— Resistanec is the opposition 
offered to the passage of an electric current through a sub¬ 
stance, and if the same current passes successively through 
each of a number of resistonces they are said to be connected 
in series. It is evident that the lolal remlame will he. the. sum 
of the separate resistances, but a formal proof may be deduced 
from Oiim’s Law as follows: Let Ri, Rin and R,., dims bo 
three resistances connected in series (Eig. 84), and Vj, and 



t'Ki. HI. 


Vj volts bo the corresponding P.D.’s across the conductors 
when a current of I amps is passing. 

Applying Ohm’s Law in turn to each conductor and then 
to the complete circuit, the following results aro evident; 

(1) Vi=IRi, V 2 = 1 R 2 and V„=lR,j, and 

(2) V=IR where R is the composite resistance. 

But V=ViH-V,+V 3 , 
i.e. IR^IRi+IEa+IRs 
Hence R=Ri-l-R 2 +R 3 . 

Resistances in Parallel.— Fig. 85 shows three resistances 
R^, Rj and Rg connected in parallel, or, as is sometimes re¬ 
ferred to, in multiple arc. Now by Ohm’s Law for a given P.D. 

100 
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applied to the ends of any conductor the current passing 

along it will be oc-:^, where E. is the resistance of the con- 
Jtv) 

ductor. Alternatively it may be said that the current is 
ocK, which is defined as the conductance of the conductor. 
It is clear (Fig. 85) that the sum of the electric currents pro¬ 
ceeding away from A must equal the total electric current 
moving towards A, otherwise there would be an accumulation 
of electricity at this point. This result is self-evident if the 
hydrostatic analogy is considered, where water flow corres¬ 
ponds to the electric current and water-pipes take the place 



of resistances. The law deduced above is due to Kirclihofi, a 
German scientist. It is known as Kirchhoff’s First Law, and 
may be stated as follows : The algebraic sum of the currents 
meeting at any point in a network of conductors is zero. 

The term algebraic indicates that we must take into con¬ 
sideration the direction in which the current flows with respect 
to the point. Thus in Fig. 85, if a current I enters the network 
at A it distributes itself between the three branches of the 
network. If the values of the three currents are given by 
Ij, I 2 and 1 3 , then by Kirchhofl’s First Law 

I=Il+l2+l3 

Let V denote the potential difference between A and B, 
and let R be the equivalent resistance of the network. Since 
I is the total current flowing through the network it follows, 
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by Ohm'vS Law, that 1 -- . 

Similar] y for rc'sistancc R ,, I j ^ V/ H. , 
„ * „ „ R„ L-V/R, 

and „ „ R 3 , I.-V/R, 


But 1=1,+1^+1^ 


. Y ^ j Y 1 . v 

’’ R ■” 

i.e. ^ 1 , 1 , L 

R Rj R2 R.'j 

This result may be extended to any numbeu* of nvsivstances 
in parallel and may be stated thus: The rvclproeal of the 
equivalent resistance of a mmiber of resistances in parallel is 
equal to the sum of the reciprocals of the imdwidual resistances. 

Again it follows from the definition of (^mduetanco that 
K=Ki+K 2 H"K 3 where K is the equivalent eonduc^tance, and 
Kj, Kg and Kjj are the conductances of the sc^parato con¬ 
ductors. Hence the combined conductance of a number of 
conductors in parallel is equal to the sum of their separate 
conductances. 

Example 1.—Three resistances, each of (> ohms I’osistance, 
are connected in parallel. Find the cquivaU^nt resistance. 
Let R be the equivalent resistance. 


'^rhoia ^ ^ -4- ^ -4“ ^ 

R 6 (> ^ f) 


() 


1 


.*. R=r ~2 ohms. 

Note. —If any number, n, of resistamuNS oac^h of vvhi(‘.h is 
equal to r ohms are connected in paralk^I, the equivalent 
r 

resistance is equal to — ohms. 

^ n 

Example 2 .—Find the equivalent resistances of four coils 
whose resistances are 3 o), 6 <»>, 8 co and 15co respectively, when 
they are connected in parallel. Let R bo the equivalent 
resistance. 

TO^g-T+l + S+B 


40 20 "1“ ”|~ 8 83 

120 . "^120 
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N.B .—^Wlien any number of coils are connected in parallel, 
the resistance of the group must clearly be less than that of 
the smallest coil. 

Example 3.—Calculate the resistance of the circuit shown 
in Fig. 86. 



4uf 

Fig. 86. 


The resistance between A and B is equal to Eab where 


1 1,13 . „ 2 

R;;=f+2 ==2= 3 “■ 

.'. Total resistance Rao between A and C is equal to 

Rau'“(~ Rbo = ^ ~ 

Now the resistance (Rde) between D and E will be given 

h 1 - 1 I 1 _ 3 1 

^ Rbe“Rac'^4~11'^4 

4:4 

i.e. Rde ”23^^"^* 

Hence the total resistance of the circuit is 
Rfe = Red “f" Rde 
. . 44 


= 023 “- 

Distribution oe Currents in a Network. —Let a current 
I enter a network which consists of two coil resistances R^ 
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and Rq connected in parallel as shown in Fig. 87. The main 
current subdivides and let I, ])o the currc^it ])a,ssing tlirough the 
resistance Rj, while L is that ])assing through the resistance 
Rjj. Let V be tlie potential diiTeron(*e btdAvecm A and B. 



Then, applying Ohm’s Law to the resistance^, R,, V=:I|Ri, 
and applying Ohm’s Law to tho resistance V'r-.-RIijj 

liR, =laR 2 or !' 

■^2 '’1 

This shows that tlio currents in tho two (u>ils are inversely 
as the resistances of tlio coils. 

Exam])U .—Tho terminals of a battery of o.in.f. 2.2 volts 
and internal resistance 3 ohms are connocjtcd to two coils of 
resistances 4 ohms and 8 ohms respectively which are arranged 
in parallel. Find (1) the current tlirough tho battery, and 
(2) the current through each of tho coils. 



Fig. 88. 


Let I be the current flowing through the battery. Also 
let be the current flowing through tho 4 ohm coil and Ig 
that flowing through the 8 ohm coil (Fig. 88). 
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If R is the equivalent resistance of the two coils, 
rn. 1 1,1 2+1 3 

Then-g-=-^-+-g=-g.= g 

^ 8 a 2 


R = 


Now B the battery resistance is 3co. 

„ T E 2-2 33 

Hence I 85 

A1so5i=~=2 I, =21, 

I 2 4 1 - 

Further I 1 +I 2 —I=33/85 amp. 

On substitution 212+12=33/85, or 12=11/85 amp. 
=22/85 amp. 



Fig. 89. 


and 


Shunts (see also page 108). —When it is desired to use a 
sensitive ammeter to measure a current larger than that given 
by the maximum reading, it is possible to do so by diverting a 
part of the main current from the instrument. This is 
accomplished by coruiecting a resistance in parallel with the 
ammeter, and the arrangement is comparable to the use of a 
“ by-pass ” road to avoid the traffic congestion in towns. 
The use of a shunt, as the parallel resistance is termed, is 
also adopted when a sensitive galvanometer is inserted in a 
circuit carrying a current of unknown magnitude, to prevent 
damage to the instrument. In this latter use the value of 
the shunt resistance would be adjusted to the needs of the 
experiment. 

In Fig. 89 a galvanometer of resistance Gr is shown with a 
shunt resistance S. 

At the point A, the current I divides into two parts, Ig 
which flows through the galvanometer, and Is wliich flows 
through the shunt. 

ThenI=Ia + Is. 
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Let E bo the potential differcneo betwoeu the pointH A 
and B. Then, applying Ohm\s Law (1) t'.o the ann containing 
the galvanometer and (2) to the arm containing the shunt, 
we get 

Ta X (I - E . . . . (1) 

I,, X 8 =-■= .... (2) 

iu X O Is X H, 

T S ^ 

or la =- ^ X Ik. 

From this it is evident that by making H small enough the 
fraction of the current flowing through tlu^ galvanometer can 
be reduced to any extent that is recpiinul. 



-AAAAAAr-J 

.5 

Kj( 3. au. 

ExanipU.~Aii ammeter of 1 ohm resistance is graduated 
to read 1 ampere. It is required to use the instrunu^nt in a 
circuit whicli carries 10 amporcis. With what rc^sistance 
must it bo shunted ? 

The ammeter is constructed to take only 1 am{)ero. 1 Imico, 
when it is placed in a circuit through which 10 ampor<\s flow, 
9 amperes must bo diverted from it. Ileneo (Fig. 90), if S is 
the resistance of the shunt 

9 X S=1 X Resistance of ammotiT 
=1X1 
=1 

S = ohm. 

Example .—A galvanometer has a resistance of 198 ohms. 
With what resistance must it be shunted in order that it may 
1 

take only of the current in a circuit in which it is placed ? 
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Let I denote the current in the main circuit (Fig. 91). If 

I 

the current through the galvanometer is then the current 

991 

that flows through the shunt is 

lUO 

The resistance of the galvanometer is 198co. Let S be the 
resistance of the shunt and let E be the potential difference 
between A and B. 



Applying Ohm’s Law (1) to the arm containing the galvano¬ 
meter and (2) to the arm containing the shunt, we get 


and 


loo 

991 

100 

991 


X 198 = E 
X S = E 


X S: 


X 198 


' ‘ 100 100 
.*.8=2 ohms. 

It can be seen from this example that if an instrument is 
to take of the current in the circuit in which it is 

placed, the resistance of the shunt used must be ith of the 
resistance of the instrument. Likewise it can be shown that: 
If an instrument takes ith of the main current the resistance 

of the shunt is ~th resistance of the instrument. 

9 
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One instrument can clearly be used over several ranges when 
it is furnished with appropriate shunts. 


Emmple.—A galvanometer of rewistiiiKH^ 100 olims is 
shunted with a coil wliose rcvsistanee is 25 olinis. What is 
the combined resistance of the galvanoinctcu' and shunt ? 
If the shunted galvanometer is connected to a battery of 
e.m.f. 40 volts and internal resistance 20 ohms, what is tlie 
current (1) through the battery, and (2) throngh the galvano¬ 
meter ? 

The eom])iucd rosistanco of the galvanometer and shunt is 
given by It, 


whore 


1 I ^ 5 
It ^100'*"25'''''100 


.*. E = 20 ohms. 


Lot I bo the current tlirough the l)att(uy, M its c^.m.f. aud 
B its internal rosistanco. 


Then I ^ 


E 

' B H E 


40 

20 - 1 -^ 20 


1 ampere. 


Let I(j 
and I.s 


-"Current through the galvanonu^xu’ 
=^"eurront through the siiunt. 


Ih 

la 



= 4 or Ih 


-- 4 I 


Also Is+I( 5 - I 
.*.4f(ri"l'C~-™ 1, 

or 5lc}—I, i.e. I(;»v4).2 ampere. 

Cells in BERnss and in Parallel. - -Wlu^n (u^IIs a-n^ e.on- 
nectod in series the ])ositivo terminal of oiui (u^ll is joiiUHl to 
the negative terminal of the adjacent cell. In the paralkd 
arrangenuait the positive terminals are connec;t(Kl together to 
form ono plato of the comhiiuKl liattory and, likewise, the 
negative terminals are connected together. 

When n cells, each of electro-motive force I] volts atid 
internal resistance B ohms are connected in series the total 
electro-motive force is 9^E volts, and the total intcu-nal resist¬ 
ance is nB ohms. If such a battery is conrKxded to an ex¬ 
ternal resistance R ohms (Eig. 92 (a)), the current in amperes 
flowing through the circuit is given by 

?^E 
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Before considering the case of the parallel connection of 
cells it should be observed that the electro-motive force of a 
cell is independent of the size of the plates. The latter, 
however, does influence the resistance of the cell, for, just as a 





Fig. 02 { a ). 


wide tube or pipe conveys more 
water in a given time than 
does a narrow one, so an in¬ 
crease in the area of the plates 
of a cell increases the area of 
the channel through which 
the current flows and hence 
diminishes the resistance. 
Quantitatively, if n cells each 
of e.m.f. E volts and internal 
resistance B ohms are connected 
in parallel, the total e.m.f. is E 
volts, and the total internal 
B 

resistance is — ohms. If such a / 
n 

battery is connected through 
an external resistance E ohms 
as shown in Eig. 92 (6), the 
current through the external 
circuit is given by 



n C£LIS /A/ PARALLMt. 


Fig. 92 (6). 





no 


TlOCilNIOAL EI.EUTBfOI"ry 


B+tili .. 

Exmnqyle. — {a) The terminals of a Lec^lauelu' (h^II of e.m.f. 
1.4 volts and internal resistance ,‘i'2 olnns are eoinuKJtcd to a 
coil whose resistance is 1 ohm. Firul tlu^ (ain*ont tie wing 
through the coil. 

(5) Find also the current wluui five sii<*h Lechuichc cells are 
connected in series and used to send a current through the 
same coil. 

(c) Work out also the value of tlie cuirnuit wluui tlie cells 
are connected in parallel. 

Those questions can be solved by tlu^ dii-(H;t a-ppiiedition of 
Ohm’s Law. Using notation as above, W(^ get for 

/NT ~ K 


' ' ^ B-Hil 
1-4 

““ 3-2 + 1 “ 

In the case of {b) 

^ wB+K 
5XI'4 
"''5x3-2~b 
In the case of (c) 

wF 

^ """ B+nR 
5x1-4 


•22 ami 


— *41 amp. 


3¥+5=8-2="’‘‘^'''^‘™P- 


It can bo seen that the introduction of four additional colls 
in the series arrangement results in an increase of only '08 
ampere in the current. When, however, tlie colls arc con¬ 
nected in parallel, the current furnished by the five colls is 
2*6 times as great as that supplied by the single coU. 

It is found that when the internal resistancio is high by 
comparison with, the external resistance, very little advantage 
is gained by connecting the cells in series. The parallel 
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arrangement is more suitable. When the internal resistance 
is low by comparison with the external resistance the series 
arrangement is the better. The student can test this state¬ 
ment further by working the following example : 

Example. —(a) The terminals of a cell of e.m.f. 2 volts 
and internal resistance *2 ohm are connected to a coil whose 
resistance is 20 ohms. Find the current flowing through the 
coil. 

- n £ - 

—j l_jl-ll_l I- 

HH«—-HHi— 

I 

1 i* ^ i 

I , 





n m c£t.LS /A/ states - PAttALLet. 

Fig. 93. 

(6) Find also the current when five such cells connected in 
series are used to send a current through the same coil. 

(c) Determine also the value of the current when the cells 
are connected in parallel. 

(Answer.—(a) *10 amp. approx. (6) *48 amp. approx, 
(c) *10 amp. approx.) 

Arrangement of Cells for Maximum Current in a 
Circuit. —Consider a mixed grouping of mxn cells (Fig. 93) 
where n cells are connected in series in a row and there are 
m rows in parallel. 
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Let E be the o.jn.f. and B tlio battciy resiHtanco of eacli 
cell respectively, and let R be the exteiTial ix^sLstanee. 

Then tlie total resistance of each i-ow of cells is n x B, and 

therefore the resistance of ni rows in paralkVI is 


1 


But the total e.m.f. of the cells as conneckMl is w. E. Hence 
the current in tlie main circaiit is 

Total e.m.f. 

Total Besistance ^ '>nB 

m 

Alternatively this oxprossiou Jinay be wr-itteu a-s 
E 

R I B 
71 m, 


1=- 


It is now evident that I will be a nuixiinum when 
is a minim uni, since E is a constant. 


R B 
n ni 


Mathematically it may be shown ihat this (condition will 
R B 

occur II — 


i.o. ifR:-^ 


uR 


•ni 


But is the equivalent resistaiu'o of tlu^ battery of cells, 

and R is the external resistance of the (‘.ircuit. IRvnco in 
order to obtain the maximum eurnmt in, a (urcuiit, tlu^ arrange¬ 
ment of cells should be such that the inlcTnal rc^lMance of the 
baUery is as nca/rhj as 2 >ossibla vqual to the external resistance. 
It should bo noted that, in tliis particular gr‘oiq)irig of the 
cells, half the available energy is used in tlu^ battery itself, 
an uneconomical process. 


Exa7Yhjple.—A battery consisting of 3() (Kills, oacli of resist¬ 
ance So, is available for heating a coil of resistance l2o. 
This coil is immersed in a liquid which it is required to heat 
as rapidly as possible, so that the problem is to dotormino 
the arrangement of cells which will provide the maximum 
current in the resistance. 
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Here B=3co, Il=12co and 72Xm=36. Now the maximum 

current will be obtained when ™ = — 

n m 

m _ B __ 3 1 

n “ R ~12 “4 

But mn = 36 or = i 

30 n 

m __ 1 

71 36 4 


or 9 


Hence m~S and ?^=12. 


The battery should therefore be connected so that there are 
three rows of cells in parallel, each row containing 12 cells. 
The current passing in the resistance will then be given by 


I = 


E 

R B 
7i~^ m 


E _E 
1 + 1 ~ 2 


amps., where E is the e.m.f. (in volts) 


of a single ceU. 

Great care should always be taken to avoid an arrangement 
of cells which would result in any one of them dehvering an 
excessively large current. In such circumstances the cell 
would be ruined by the large development of heat, and by the 
loosening of the material in the grids of the plates. 




Fig. 94. 


Sebies Resistance of a Voltmeteb.— The moving coil 
system of an ammeter (page 185) may be employed as a volt¬ 
meter, by the addition of a series resistance in the base of 
the instrument. Furthermore the range of the voltmeter 
may be varied by the adjustment of the value of this series 
resistance. As an example consider a moving coil system 
whose sensitivity is such as to give a fuU scale deflection for a 
current of 0*02 ampere. In order to use this system as a 
voltmeter to measure P.D.’s up to 300 volts, a series resistance 
X (Fig. 94) must be included. X is chosen so that a current 

9 
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of 0'02 amp. passes, niul a full seal<^ is obtained 

when 300 volts is ap])lio<l ata*oss the remoio (mds A and 0 of 
the coil R and X nvspecitively. 

By Ohnvs l^aw, Current X lv(‘sistaju‘e~^]M). 

0‘(^2x(R. fX)- 300 
or R.-1 - X " : 1 0 ,^ M 

But if R-"“ ]()0<o, then X ■ 14,0(Hh.). Similarly for a range 
of »500 volts, .R“l -X^ 25,000(0, so that, the scuaes rc^sistam^o 
will bo 24,900(0. 

Eimni{ple.--A miero-ammot(?r of 49*5c.) resistance ha,s a 
maxiinuiu :r(‘,ading of 120 iiiicToarnps. Wliat n^sistanco must 
be inscu’tod in stvritvs with this instrument so that it c^an ho 
utilised to measure a P.U. of 15 millivolts 

’Using the notation of Fig. 94, R.™: 49‘5(.>. Now a^ full-scale 
deilection is produeed by a curnait of 120;\ 1(X‘» amps. 

Hcncio by Clhm’s Law 

Ourrcait X Resistance-"R. I). 

and 120x10 '^ (It | X)- Ihx 10 
or (R |■X)::-125(0. 
i.c. X:-75'5(.>. 

Pressure and Resistance.'. 11' two eondm^l.ors arc placed 

together in light contact, the irn^gnlarhhvs of tluur surfaces 
may bo such that only a small fraction of ilu^ir a.rc^as are close 
enough together to permit a How of' (dtHiirons from one to 
the other. On pressing togetlier tlu^ (tondvud.ors their con¬ 
ducting area ” may l)o found to incroa.sti by as much as tt^u 
times its previous value, and Iuuuh^ if a. (H)ni.a(d; of this nature 
is included in an electrical (Jircaiit, tlu^ curnmt flowing will 
vary with the applied pressure. Fiiis (41e<*t will bo most 
pronounced wlien tlio contacting ’’ eonduedors arc^ (composed 
of a comparatively poor conducting material, such as (uirl)on, 
and are included in a low resistances circuit. 

An important application utilising the above (dioot is a 
device used in telepliony known as the microphone. In 
princij)le it consists of a number of carbon granuliis ejontainod 
in a chamber between two carbon plat(^s, Oj and Cg (Fig. 
95 (a)) which are inchxded in an electrical circuit UvS indicated, 
A suitable diaphragm 1) is fixed to the movable electrode C^, 
so that impinging sound waves cause it to vibrato and subject 
the granules to a varying pressure. The rcsistati<;o between 
the electrodes will consequently vary, and the current in the 
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circuit will fluctuate in unison with the sound wares. Hence 
the action of speaking in front of the diaphragm causes the 
current in the circuit to vary or to he “ modulated/’ as it is 
termed, so that by this means speech can be transmitted over 
long distances (page 257). Carbon is very suitable for the 
inter-electrode material since it is a poor conductor and cheap, 
and also as it does not 
oxidise, the characteristics 
of the instrument remain 
fairly constant. 

The Siemen’s type of 
transmitter as used in a 
hand micro - telephone is 
shown in section in Fig. 95 
(6). The diaphragm D con¬ 
sists of a single aluminium 
cone, which is corrugated 
to give increased strength, Fig. 95 (a). 

and attached to its centre 

is a small aluminium cylinder A. The moving carbon electrode 
El projects into the granule chamber C, and opposite to it is 
the second carbon electrode E 2 , which is fixed to the base of 
the instrument casing. The electrodes are arranged carefully 
to be near the centre of the chamber with their pohshed faces 

about 0'08 in. apart. 
Leakage of carbon 
granules is prevented by 
the use of rings of silk 
clamped in the granule 
chamber and forming a 
sliding fit on the cylinder 
A. Both electrodes are 
always completely im¬ 
mersed in granules what¬ 
ever the position of the 
Fig. 95 (&). transmitter. Electrical 

connections are respect¬ 
ively made by a plug fitting the socket S and by springs (not 
shown in Fig. 95 (b)) which make contact with the instrument 
case.. The diaphragm is protected from damage by means of a 
perforated ebonite cover G. 0 is an oiled-silk cover. 

Rheostats, —A general requirement of electrical circuits 
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is the al)ility to vary the euiTcjit, eoihimiously or iti steeps, 
without breaking the circuit. The variabk'! rc^sistaiu^cH which 
arc used to regulate the (uirrtuit in tliis nniuinu* are ktiown as 
rheostats, and their specification should include', the inaxi- 
imiin safe current which may b(^ carik'd without oviutit^ating. 



lOc. 0(5. 


Oarbo7h (kaisist of a pih^ of carbon p]at(\s wlioso 

resistance may bo altered by varying tb('> eonta(t) prt^ssurc 
between the plates by means of a thumb seaxAV. ^Pho ratio 
of the maximum to minimum n^sist-aiicc^ is approximately 

2 to I. Purtlaa’ adjustnuait 



Fuu 97 . 


is j) 0 SHibI(^ by aibu’ing the 
position of the 7N(ial kaaninal 
plat<\sto <‘hango the numlxT 
of carbon |>lnt(vs in the cir- 
cu it. Tb is ty])(^ (>f xxvsistaneo 
ivS useful for fairly largo 
c-urrentH, and for a c^ai’bon 
rheostat of, say, 8 ohms 
maxiixnim n^sistanc-e the 
maximum safe (mrrent would 
bc^ of the ordesr of (» amps. 

IFire 90 

shows a (!ommon type of 
variable wire resistance com¬ 
prising a number of turns 
of wire, of a (iopper-nict<el 
alloy, wound on a hollow 
insulating tube Ik 'grin's wke 
has a surface oxidised layer 
which effoctivoly iiiBulatcs 
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the turns from one another, and the length included in 
the electrical circuit is varied by the movement of a slider S. 
This slider makes contact between the wire at C and a hori¬ 
zontal metal rod B which carries a terminal T at one end. 
The external circuit connections are made at T and at either 
of the two bottom terminals and The cooling of these 
resistances is most effective when they are used in a vertical 
position. 

Another variety of wire resistance suitable for the rough 
regulation of currents up to, say, 20 amps, is shown in Fig. 97. 
The number of wire spirals intro¬ 
duced into the circuit is varied 
by moving the switch arm S (H 
being an insulating handle), over 
the metal contact studs, O^, Og, 
etc., which are connected to the 
various resistance coils and are 
insulated from the metal frame 
F, by mica or slate. The switch 
arm is pivoted at P, and Tj and 
Tg are terminals. 

Another very convenient and 
cheap form of current regulator 
of the step-by-step ” type can 
be built up of a number of lamps, 
which can be connected in series 
or parallel. The series arrange- Fia. 98. 

ment is used when small currents 

are desired, the requisite variation of resistance being effected 
by short-circuiting ” lamps, i.e. connecting terminals with 
low resistance conductor. 

A type of variable liquid resistance used for starting or 
testing electric motors is shown in Fig. 98, where B is a barrel 
containing an electrolyte, which usually consists of an aqueous 
solution of common soda or sal-ammoniac. The lower fixed 
electrode Eg is a metal plate, which is connected to the external 
circuit by a lead passing through an insulating tube T. The 
upper electrode is conical in shape, which permits of a 
gradual variation in resistance as it is lowered or raised into 
the solution by means of the balancing weight W. 

For the construction of very large resistances of the order 
of megohms (10® ohms) either liquid or carbon resistances are 
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employed. A convenient laboratory form of sucli a resistance 
is a pencil line drawn on a sheet of ebonite (or other insulating 
material), electrical contact being obtained at each end by 
strips of tin-foil firmly clamped under terminals. The 
common commercial type of high resistance is the grid leak 
which is used in wireless circuits. Cheap liquid resistances 
can be easily constructed using wooden troughs as containers 
and metal plates as electrodes (page 145). Suitable liquids 
are copper sulphate solution with copper electrodes, and zinc 
sulphate solution with electrodes of pure amalgamated zinc. 
Xylol is employed for very high resistances. 

Appliances for making and breaking electric circuits. 

A tapping hey (Fig. 99) is used when a circuit has only to 
be completed for a short time, as for example in the discharge 

of a condenser through 
a galvanometer (page 
177). A key of this type 
is usually connected in 
parallel with the ter¬ 
minals of a moving-coil 
ballistic galvanometer, 
in order to damp (page 
176) the motion of the 
moving system after de¬ 
flection, and so bring it 
to rest as quickly as possible. The terminals T 2 and T^^ 
are connected to the metal stud C and to the spring S respec¬ 
tively. The circuit is only completed so long as the requisite 
pressure is apphed on the ebonite button B. If the circuit 
is to be connected for an appreciable time period a plug key 
(Fig, 100) can be used. For the present purpose of making or 
breaking a circuit only two terminals, say A and B, are 
required, and these are connected to the free ends of the 
circuit. The circuit is completed by inserting a plug P in 
the hole F, the plug consisting of a conical piece of brass 
fixed in an ebonite head. The familiar tumbler switch as 
employed in domestic electric light installations may also be 
used as a '' make ” or '' break ” key. 

A commutator is a device for reversing the current in any 
portion of a circuit without disconnecting any wires. Such a 
key must possess at least four terminals which are connected 
in pairs as indicated in Fig. 100, where it is desired to reverse 
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the current through R. In this case the current will pass 
through the circuit in one direction when plugs are inserted 
in the holes F and H, and in the opposite sense on closing the 
gaps E and G. It should be carefully noted that the plugs 
are never inserted into adjacent holes. 

Light and Resistance. —In some substances electrons 
can be removed from their atoms by the action of light and 
actually liberated from the surface of the body, giving 
rise to the phenomenon known as ''photo-electricity.” In 
other substances the energy acquired by the electrons is 
not sufficiently large to enable them to actually escape, but 
they exist in the material rather like the free electrons in a 
metal, so that the number of carriers of electric current is 



Fig. 100. 


increased under the stimulus of light. In other words the 
resistance of the substance is decreased. The substance 
which shows this effect most markedly is selenium. 

The commercial selenium “ceU,” as it is unfortunately 
termed, consists of two long copper wire spirals, the wires 
running parallel to one another, and the space between them 
is filled with the grey modification of fused selenium. Such a 
" cell ” is included in a circuit with a battery, and a " relay ” 
which is usually an electro-magnet that will not operate 
until the current reaches a certain minimum value. The 
" dark ” resistance of the selenium, say 300,000 ohms, is 
arranged to be sufficient to prevent any possibihty of this 
minimum current flowing, but on exposure to light the resist¬ 
ance of the cell decreases and the relay will commence to 
function. The relay in turn is caused to operate suitable 
mechanism. By this means the switching " on ” and " ofi '' 
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of lights at dusk and dawn respectively, can be controlled 
automatically. 

The Magnetic Circuit. —The lines of force of a bar-magnet 
emerge irom the north pole and, after passing through the 
air, re-enter the magnet at the south pole and continue as 
lines of induction in the iron. These closed curves define 
the so-called magnetic circuit and are analogous to lines of 
current flow. It must be emphasised, however, that there 



Pig. 101. 


is no of anything in the magnetic circuit, whereas 

there is a definite flow of electrons in the case of an electrical 
circuit. 

When a group of lines of magnetic force (or of induction) 
are considered the total number of lines is referred to as a 
magnetic fhix, and is denoted by <p. The jiux density is then 
given by A where A is the area perpendicular to the direc¬ 
tion of the flux. 

In the simple case of an iron anchor ring (Fig. 101) uni¬ 
formly wound with a magnetising solenoid of N” turns, it can 

be shown that 9 = where I (amps.) is the current 
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flowing in the solenoid, I (cms.) is the mean total length of 
the magnetic circuit, A (sq. cm.) is the uniform cross-sectional 
area of the ring, and fx is the permeabflity of the iron. 

Now Ohm’s Law (page 65) states that current 

electro-motive force E , , , ^ . 

=—R’ 

terms are used to specify a magnetic circuit. The flux cp 
is considered as analogous to an electric current, while the 
expression 47rNI/10 is known as the magneto-motive force 
(M.M.F.) which obviously corresponds to electro-motive force. 
It is evident by inspection of the expression cited above that 
the actual value of the flux produced by a given M.M.F. is 
determined by 1/Api, which is known as the reluctance of the 
magnetic circuit. The reluctance obviously compares with 
the resistance R of an electric circuit, which in the case of a 

rod conductor is given by Il=p^where I is the length and A 

the area of cross-section of the conductor. It is evident that 

- corresponds to p the specific resistance. It should be caro¬ 
ls 

fully noted, however, that while p is independent of the value 
of the electric current flowing through the conductor, pi for a 
ferromagnetic material varies with the intensity of the 
magnetising field. 

Summarising, then the law for the magnetic circuit is 
Magnetic Flux—Magnetomotive Force-^Reluctance. 

Unit of M.M.F. is Gilbert, unit of Flux is Maxwell, and 
unit of Reluctance is Oersted. 

Hence Maxwells=Gnberts~Oersteds. 

The practical examples of the magnetic chcuit usually 
consist of an iron or steel portion with an intervening air-gap, 
as exemplified by the case of a motor or generator. Fig. 102 
gives a diagrammatic representation of the magnetic circuit 
of a 4-pole generator. The latter consists of the magnet poles 

N. and S. fitted with soft iron shoes, and the armature 

O, which rotates in the gap between the shoes. The pole 
cores are surrounded by magnetising coils, while the armature 
itself comprises a soft iron core which is slotted to carry 
copper conductors (not indicated in Fig. 102). The path of 
the magnetic circuit is indicated by the dotted line U. If 
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Zp Zg, Z 3 and Z 4 denote the lengths of the circuit, and a^, ag, 
a 3 and the corresponding mean areas of cross-section in 
the yoke, poles, air-gaps and armature, then the respective 
reluctances of the various portions of the circuit are given by 

where [^ 2 , [^3 and 

are the permeabilities of the di&rent parts. 



Now the total M.M.r=sum of products of Flux X B-eluct- 
ance for the various portions of the magnetic circuit. Hence 
the total 

where 9 varies for each portion owing to a leakage of flux. 
In the diagram the stray flux L passes directly from pole 
to pole and thus avoids the path through the armature. 
In order to reduce this leakage to a minimum the air-gap 
between the poles and the armature is made as small as 
possible. The leakage factor for a given circuit is defined 
by the ratio total flux-^useful flux and in the case under 
consideration is given bjr (Flux U-j-Flux L)-^Flux U. 
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A recent application of the principles of the magnetic circuit 
is in radio-permeability tuning. This procedure consists in 
varying the inductance of a coil of wire (in order to tune a 
wireless circuit), by adjusting the size of the air-gap in an iron 
core. 

Example 1.—A rectangular bar of iron 9 in. long, 1 in. 
wide and 0,6 in. thick has a reluctance of 0*0050 oersteds, 
when a uniformly distributed flux of 30,000 maxwells passes 
through the bar, in a direction parallel to the axis. Deter¬ 
mine the flux density of the bar and its permeability to a 
flux of this density. 

The flux density B (in gauss) is given by ~ where 9 is the 

total flux, and A is the area of cross-section in sq. cms. 

T. 30,000 

=7752 gauss. 

Now the reluctance = — where I is the length of the iron 
bar (in cms.) and [i is its permeability. 

Hence = - 7 —r reluctance 
9 X 2*54 

^ ^ 1-0 X0-6X 2-542 ^ 0-0050 ^ 

Example 2.—Find the number of ampere turns needed to 
produce a flux of 40,000 maxwells through a closed soft iron 
circular ring of uniform cross-sectional area 4 sq. cms. The 
mean diameter of the ring is 20 cms., and the permeability 
may be taken as 1,000. How many additional ampere-turns 
wfll be required to obtain, the same flux if an air-gap of mean 
thickness 1 mm. is cut in the ring ? 

Using the previous nomenclature 

4tcNI 


10 



Au. 


Hence the number of ampere-turns = ^ ^ 

40,000 X TIT X 20 X 10 __ 

4 x1000x477 ■ 
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In the second case the total reluctance of the circuit 

“ + T "" oersteds. 

It is evident that even the presence of such a minute air- 
gap as the above has nearly trebled the reluctance of the 
circuit. 

The total number of ampere-turns now required == N^I 

= o X reluctance X ^ 

Itt 

40,000x0*0407x10 
=- ^ -= 1296 

Hence additional number of ampere-turns required—796. 


QUESTIONS. 


1. On what does the resistance of a wire depend ? 

Four accumnlators, each of 2 volts and of negligible internal resistance 
are connected in series to three resistances, each of 50 ohms, also in series' 
Calculate the current in the circuit, and the potential difference between 
the ends of each resistance. (U.L.C.I., A, 1935.) 

2. Three resistances of 12 ohms, 18 ohms, and 36 ohms respectively 
are joined in parallel, and this group of three resistances is placed in series 
with a single resistance of 2 ohms and a 24 volt battery of negligible resistance 

Find the total current taken from the battery and the current passing 
through the 12 ohms resistance. What would be the values of the current 
if the battery had an internal resistance of 4 ohms ? (C. & G., 1928 ) 

3. Four cells each of 1*5 volts and 0*5 ohm internal resistance are avail- 
able, and it is required to send the maximum possible current throuo-h an 
electro-magnet having a resistance of 0*5 ohm. Should all the cefis bo 
joined in series or would it be better to join the cells in two parallel groups 
each group consisting of two cells in series ? What would be the curreut 
in each case *? (C. & G,, 1929). 

4. A series field coil of a generator consists of 19 metres of copper wire 
of square section O-o cm. x O-o cm. Given that the spociho rosistanco of 

“^'lonlate the rosistanco of tho coil. 

{U.L.i., ol, 19o2.! 


o. Five simhar electric lamps are grouped in parallel across a pair of 
leads connected to the terminals of a battery of IS volts o.m f and 0-1 ohm 
resistance. The resistance the leads to the point whore tho lamps are 
grouped is also 0-1 ohm. Draw a diagram of the arrangement If the 
Client IS 0-1 amp through each lamp, calculate the resistance of each lamp 
when the current is flowing. (C. & G., 1927.) ^ 

6. Explain by formula, or otherwise, what is meant by Ohm’s Tnw 
hence define the unit of resistance in terms of the volt and ampere ' ' 

A galvanometer of resistance 45 ohms has a shunt of 5 ohms What is 
the combmed resistance of the galvanometer with shunt V What current 
will be taken from a battery of 100 volts having an internal resistance of 



RESISTANCE : ELECTRIC CIRCUITS 125 

0-5 ohm, when the shunted galvanometer is connected across the terminals 
of the battery ? (C. & G., 1929.) 

7. A voltaic cell, of 1 ohm resistance, is connected to a wire of 2 ohms 
resistance, which is in parallel with a certain number of wires, each of 
50 ohms resistance. The total resistance of the circuit is 2 ohms. State 
the number of wires of 50 ohms resistance. (C. & G., 1927.) 

8. Calculate the number of cells, each of 1*3 volts e.m.f. and negligible 
resistance, required to furnish a current of 50 milHamperes through an 
external resistance of 170 ohms. (C. & G., 1924.) 

9. Explain the action of a shunt. 

It is necessary to use an ammeter which is graduated up to one ampere 
to measure currents up to 10 amperes. If the resistance of the ammeter 
is 0*5 ohm with what resistance must the instrument be shunted ? 

10. What is the purpose of a voltmeter ? How may the range of a 
voltmeter be increased ? 

It is desired to use a 0*2 voltmeter having a resistance of 500 ohms as 
a voltmeter reading to 100 volts. What must be the resistance of a coil 
placed in series with the voltmeter, so that the instrument may read 100 
volts for full-scale deflection ? (U.L.C.I. 1929). 

11. An iron ring has a mean circumference of 45 cm. and a cross-sectional 
area of 5 sq. cms. It is uniformly wound with 200 turns. When the 
exciting current is 1 amp., the flux in the ring is 24,000 lines. Calculate 
{a) the permeability of the iron ; (5) the current required to establish the 
same flux when a radial air gap of 0*2 cm. is made in the ring. (U.E.I., 
82, 1935.) 

12. A metal ring of 25 cm. mean diameter is wound uniformly with 500 

turns and a current of 6 amp. passed through the coil. The cross-sectional 
area of the ring is 4 sq. cm. Calculate the magnetic flux established if 
the ring is (a) of copper, and (b) of steel working at 400 permeability. How 
does the permeability of iron depend upon the flux density ? (H.C.T.E.C., 

1933.) 



CHAPTER Vn 


HEATING EFFECTS OF THE CURRENT 

When an electric current is passed along a metallic con¬ 
ductor, no change in the nature of the material is found in 
the neighbourhood of the points where the current enters or 
leaves (cf. electrolytes, page 143). It appears, therefore, 
that the conduction of electricity in such bodies takes place 
without mj material carriers, and so it is inferred that only the 
electrons and not the +vely charged atoms move under the 
influence of an electric field. The precise nature of the 
mechanism of this electronic motion is still very uncertain, 
but roughly it may be supposed that the conductor can be 
regarded as a sponge, the electrons passing through its pores 
like the percolation of water. 

By reason of their velocity, which is actually quite small, the 
electrons will possess kinetic energy and some of this energy 
wOl be imparted to the atoms of the substance with which 
they collide. Since an increase in the Idnetic energy of the 
molecules of a substance corresponds to a rise of temperature, 
it follows that the electrical energy required to maintain 
the current wiU appear in the form of heat. The phenomena 
is analogous to the heat generated when a body overcomes 
frictional resistance during mechanical motion. The depend¬ 
ency of modem civilisation upon this heating effect of an 
electric current is quite evident, when one considers such 
examples as incandescent electric lamps, electric fires and 
heaters, etc. 

Experiment .—Stretch a tin fuse wire horizontally between 
two terminals fixed in insulated supports. Join in series 
with the wire a battery, a key and a variable resistance. 
Adjust the resistance so that after closing the circuit for a 
short time the wire begins to sag. This effect is due to the 
expansion of the wire produced by the heat generated during 
the passage of the current. 
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If the rise of temperature in any conductor becomes too 
great the wire may eventually glow, and in this manner give 
rise to a fire and possible damage to property. Such a hap¬ 
pening may result from a sudden increase of current due to a 
short circuit in the fine, and to avoid this possibility fuse 
wires (see also page 198) are inserted in the circuit. These 
wires are chosen of a suitable diameter and material so that 
they wiU melt, and therefore break the circuit, when any 
current passes which is above that deemed to be safe for the 
particular circuit. 


I—-vAAAA/y\A/'— 
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Fig. 103. 

Experiment .—Connect a battery B, an ammeter A, a 
rheostat R and a key K in series, and insert also in the circuit a 
short length of fuse wire (F.W.) which “ bridges ” the gap 
between two terminals, Tj. and T 2 , mounted on a baseboard 
(Fig. 103). Adjust the rheostat so that, at first, the maxi¬ 
mum possible resistance is in the circuit. Gradually diminish 
the resistance, and continue doing this until the fuse “ blows.” 
Observe the ammeter reading when this actually happens. 

Repeat, using other fuse wires of different gauges. 

The fuse wires melt as the result of the heat produced by 
the passage of the current through them. 

Tabulate the fusing current against the gauge for wires of 
different materials. 
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Wire of Material'' A ” 


Current 






1 

S.W.G. 








Wire of Material B ” 


Current 







S.W.G. 



i 

i 

1 





Experiment.—To determine the relation between fusing cur¬ 
rent and length of fuse wire. In this case the same material 
and diameter of wire is used throughout the experiment, but 
the length of wire is varied. In order to change the length 
of the wire one of the terminals on the baseboard should be 
movable. Make three or four determinations of the fusing 
current for each length of wire and tabulate your results as 
below : 


Length of Wire 
(cms.). 

Values of Fusing 
Current (amps.). 

Mean Value of 
Fusing Current 
(amps.). 

1 

1 




It should be noted that the fusing current is greater for the 
shorter lengths, since the cooling due to heat loss by thermal 
conduction at the ends of the wire is then more effective. 

Laws oe Heating Eeebct.— Manchester brewer named 
oule (1818-1889), who took up scientific research as a hobby, 
pvestigated the laws relating to the heating effects of a 
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current. The results of his observations may be summarised 
as follows : 

(1) The heat (H) produced in a conductor in a given time 
is oc square of the current strength (I), e.g. a current of two 
amps, generates four times as much heat in a conductor as 
does a current of one ampere flowing through the same 
conductor for the same time. 

i.e. HccP 

(2) The heat developed in a conductor in a given time by a 
given current is proportional to the resistance (R) of the 
conductor, e.g. a cirtain current will develop twice as much 
heat in a resistance of two ohms as it will in the same time 
in a resistance of one ohm. 

i.e. HccR 

(3) The heat developed in any conductor by a given current 
is proportional to the time (t) during which the current flows, 
e.g. a given current flowing through a conductor develops 
twice as much heat in the conductor 
does in one second. 

, i.e. Hoct 

The form of calorimeter suitable for 
measuring the heat generated by an 
electric current is shown in Eig. 104. 

The manganin - heating coil H is 
soldered to copper leads which are in 
turn soldered to the terminals T^ and 
Tg. These terminals are fixed to an 
ebonite M L closing the top of the 
copper calorimeter C. A stirrer S and 
a thermometer t also pass through^ 
holes in the lid. In order to minimise " 
loss of heat to the surroundings the 
calorimeter rests on an insiflating 
block B, placed inside the wider vessel 
J, the interspace being loosely packed 
with cotton wool. 

Experiment .— To show that HccP for 
a given coil and given time. Connect 
a battery B consisting of about six 
10 


in two seconds as it 



Eig. 104. 
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accumulators,* a variable rheostat R, an ammeter A, and a key 
K in series with the coil H, and arrange the connections so that 
the coil can be immersed in a known weight of water contained 
in a calorimeter (as in Kg. 105 with voltmeter V removed 
from circuit). Place a thermometer in the water and pass a 
current of known strength through the circuit. Stir the 
water gently with the stirrer and observe the rise in the 
temperature of the water in a time t secs. Let this be Oj®C. 



M 

Fig. 105. 

Pour the water out of the calorimeter and put the same 
weight of cold water in it again. Next, adjust the rheostat 
so that the current in the circuit has a value which is some 
multiple of the previous value. Suppose the current in the 
second experiment is twice as great as that in the first and 
let the rise of temperature now be 62 °C. 

02 

Then 

1 ^ 

i.e. the rise in temperature in the second case should be four 
times as great as in the first case. 

* D.C. Mains, if available, are a very suitable source of supply in tbis 
experiment. 
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If possible, take a number of values of rise of temperature 
for various values of tbe current. Tabulate your results as 
foUows: 


I (amp.) 


e°0. 

I® 

0 ■ 






The last column should be constant. If 0 is plotted against 
a straight line graph should be obtained. 

As previously hinted at earher in this chapter the heating 
effect of a current is of prime importance in the transmission 
of power by means of insulated cables, as if the temperature 
of the conductor becomes excessive the insulation will become 
impaired. In the case of rubber insulation, for example, a 
safe temperature is reckoned to be one below about 120 *^ T. 

In the matter of the wiring of dwelling houses two separate 
circuits are generally necessary, one for lighting and a thicker 
cable for heating, cooking, etc., otherwise the lighting wiring 
would become overheated by the larger currents required for 
the various domestic appliances. The need for two sets of 
wiring is also impelled by the fact that two meters are required 
to register separately the lighting and the power consump¬ 
tions, as the rate of cost per unit of electricity is different in 
the two cases. 

Experiment.—To show that^ for a given current, HccRmB, 
given time. Use the same apparatus as in the last experi¬ 
ment. Observe the rise in the temperature of the water 
when a known current passes through the coil for a definite 
time, Next replace the cod with another of a different 
resistance, and by means of the rheostat adjust the current 
in the circuit to its previous value. Again observe the rise 
in temperature in the same time. Repeat, using a number of 
other cods. The increase of temperature in each case should 
be proportional to the resistance of the cod employed. If 
increase of temperature is plotted against resistance a straight 
hne graph should be obtained. 



